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Abstract 

Tumour hypoxia contributes to resistance to conventional chemo- and radiotherapy. The 

identification of hypoxic tumours is key to therapy planning to implement a hypoxia-

guided clinical management strategy. There are no established methods in routine 

clinical use to detect hypoxia that are non-invasive and can be routinely prepared. 

Hypoxic tumours may be indirectly identified by detection of carbonic anhydrase IX 

(CA IX) expression, an enzyme upregulated to stabilize the pH of hypoxic tumours. 

This thesis describes the design, synthesis and evaluation of small molecules for 

imaging CA IX expressing tumours with Positron Emission Tomography (PET) and 

Magnetic Resonance Imaging (MRI). Molecular imaging provides a repeatable, non-

invasive, in vivo measurement of several critical parameters of which PET imaging has 

shown superior sensitivity and MRI exquisite soft tissue contrast.  

Imaging agents were designed that comprise of: (i) a CA IX targeting group, a 

sulfonamide moiety (-SO2NH2) for CA IX targeting in vivo; (ii) a variable linking chain 

to allow fine tuning of pharmacokinetic properties, and (iii) a reporter group to chelate a 

range of metals for MRI/PET applications. Three generations of imaging agent were 

designed. Generation I single modal imaging agents could be utilized for MRI or PET 

imaging, as they incorporate a DOTA reporter group. Generation II single modal 

imaging agents were designed exclusively for 68Ga PET imaging, they boast a NOPO 

reporter group, an underexplored macrocyclic chelator in medical imaging that has 

remarkable selectivity for gallium chelation. Generation III bimodal imaging agents 

incorporate either two DOTA reporter groups or a mix of DOTA/NOPO reporter groups 

for MRI/PET dual modality imaging. 

Preliminary radio/labelling of Generation I imaging agent precursors with Gd, natGa and 

67Ga was completed and preliminary pharmacokinetic studies carried out.  Precursor 4 

was selected for follow up in vivo and in vitro studies using PET and MRI. First the 

capacity of Gd-4 to relax water was demonstrated in vitro using a 9.4 T standard 

laboratory spectrometer and a 7 T MRI scanner and the relaxivity results were 

comparable to clinical standards. The in vitro relaxivity of Gd-4 was also examined in 

the presence of hCA II and the relaxation properties were not compromised. Gd-4 was 

taken forward for in vivo evaluation to detect hypoxic tumours with MRI. 
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The imaging agent precursor 4 was radiolabelled with 68Ga (68Ga-4) and also taken 

forward for in vivo evaluation to detect hypoxic tumours with PET and PET/CT. 

NMRI/nu mice were subcutaneously implanted with HCT116 cells expressing either 

shNT (non-targeting shRNA, CAIX expressing tumour) or shCA IX (CAIX-targeting 

shRNA, knockdown) and the radiolabelled lead compound [68Ga]-4 or MRI contrast 

agent Gd-4 intravenously injected via the tail vein for imaging analysis. 

Gd-4 was tested in vivo in mice bearing HCT116 colorectal tumours with high CA IX 

expression only. An initial rapid uptake of Gd-4 in the tumour and quick clearance was 

observed in acquired MRI images.  

Acquired PET images showed increased accumulation of [68Ga]-4 in CAI X-expressing 

tumours compared to CA IX-knockdown tumours, with tumour-to-blood accumulation 

ratios (TBR) 3.87 ± 1.34 and 1.99 ± 0.99 respectively, P < 0.01. [68Ga]-4 did not 

accumulate in off-target tissues (except kidney/bladder) and was metabolically stable in 

vivo. These results were reproduced in a second study using PET/CT (TBR 2.36 ± 0.424 

and 1.30 ± 0.350 (P < 0.01) for CAI X-expressing tumours vs CA IX-knockdown 

tumours respectively), implying that these are the first imaging agents to discriminate 

CA IX expressing tumours vs knockdown tumours in vivo in a mouse xenograft model 

using PET. 

Proof-of-concept transmetallation of Generation II imaging agent precursors with natGa 

and 67Ga was demonstrated. These agents are suited to follow up with in vivo PET 

studies, allowing a comparison to Generation I compounds of inherent traits such as 

tumour accumulation and ease of radiolabelling.  

MRI/PET is a rapidly expanding area but currently there are few in vivo imaging agents 

to support this technique. The first synthetic steps towards novel bimodal imaging 

agents is outlined, leading towards the first small molecule bimodal MRI/PET imaging 

agent to target CA IX. 
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1.1. Introduction 

Cancer incidence rate is currently increasing: a growing population; aging and an 

increased predominance in risk factors, for example, obesity, alcohol and tobacco 

consumption, are all contributing factors to this.1 An estimated 14.1 million new cases 

of cancer and 8.2 million cancer related deaths occurred worldwide in 2012.1 Despite 

developed countries exhibiting approximately twice as many incidences of cancer, 

mortality rates are only 8-15% higher than non-developed countries. This relationship 

reflects the mix of cancers (directly influenced by exposure to risk factors), detection 

practices, and/or the availability of treatment.1 Early detection is one of the key 

strategies that can be invoked to prevent cancer related mortality.1 

Cancers are traditionally staged and monitored using invasive methods, for example, 

biopsies or exploratory surgery. The tumour volume characterises the treatment 

response.2 Reduction in tumour bulk is used in early stage clinical trials as a 

determinant of the effectiveness of intervention and for managing trial completion and 

cost.2 However, biopsies and surgeries are limiting as biochemical changes happen 

much faster than morphological ones.  

Molecular imaging is defined as the “visualisation, characterisation and measurement of 

biological processes at the molecular and cellular levels in humans and other living 

systems”.3 It provides a powerful, non-invasive diagnostic tool to detect, stage and 

monitor cancer progression and treatment.4 The core preclinical and clinical imaging 

modalities include: CT (computed tomography); MRI (magnetic resonance imaging); 

PET (positron emission tomography); SPECT (single photon emission computed 

tomography) and ultrasound. Each modality has advantages (Table 1), for example PET 

offers unsurpassable sensitivity and MRI has superior soft tissue contrast.5,6 It can be 

envisioned that with the advent of MRI/PET dual modality imaging, both these 

properties can be combined to form the optimum imaging system.7,8 

 

 

 

 



                                                                                                                                                Chapter 1 

4 

 

Table 1: Summary of advantages and disadvantages of clinical imaging modalities.7,9–13 

Imaging 

Modality 
Advantages Disadvantages 

CT 

 Full 3D image generated 

 Easy orientation of the volume 

 Shorter scan times  - less motion 

artefacts 

 Cheap compared to other 

techniques 

 Readily available 

 Higher resolution than PET 

 Radiation from X-rays 

 Cannot differentiate soft 

tissues like MRI 

 

MRI 

 Wider variety of contrast agents to 

suit required application 

 Can scan for different nuclei 

 Unparalleled soft tissue contrast 

 No ionising radiation 

 Multiplanar capabilities 

 More expensive than CT 

 Unsuitable for patient with 

any metal implants 

PET 

 High resolution – can measure 

cellular-level metabolic changes, 

greater resolution than SPECT 

 Non-invasive alternative to biopsy 

 Greater sensitivity than SPECT 

 Shorter half -life radiolabels than 

SPECT 

 3D-imaging 

 Attenuation 

 Radiation 

 Complex materials required 

 More expensive than CT 

scans and SPECT 

 Limited but growing 

availability 

SPECT 

 3D imaging 

 Physiological information via 

functional imaging 

 Lesion localisation 

 Hybrid systems (SPECT/CT) 

increase spatial resolution 

 Attenuation 

 Radiation 

 Non-hybrid have poor 

spatial resolution 

 Long scan time 

 SPECT used qualitatively or 

semi-quantitatively 

Ultrasound 

 Inexpensive 

 Dynamic testing 

 Most clinics have it 

 Reflection/scattering/ 

refraction 

 Depth penetration 

 

 

1.2. Tumour Hypoxia 

Tumour hypoxia is an important feature of ~80% of solid tumours including head and 

neck, breast, uterine cervix, colorectal and prostate among others.14–17 Hypoxia is 

attributed to alteration in cell metabolism, quiescence, changed motility and radio-and 

chemo- therapy resistance18–21 and therefore tumour hypoxia has been established as a 

key feature that can significantly influence tumour behaviour and predict a response to 

therapy.2,14,15  
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Solid tumour masses are heterogeneous and show a significant variation in oxygen 

concentration. Tumour hypoxia occurs when the oxygen pressure within tissue is 

lowered; typically cancerous tissues show between 0-20 mmHg O2 compared to 24-66 

mmHg O2 of the adjoining tissue.22 The three basic mechanisms that result in hypoxia 

are: insufficient vascularisation attributed to rapid growth; vessel occlusion and limited 

diffusion range.15,20,23 Hypoxia results in two contrasting phenomena: it leads to the 

reduction of proliferation and eventually to cell death of cancer cells; but it also triggers 

changes in the proteome and/or genome in a minority of cancerous cells that enhance 

tumour progression.18 The major cellular response of solid tumours to hypoxia is the 

stabilisation and activation of the hypoxia-inducible transcription factor HIF-1α that 

acts as the “master regulator” of oxygen homeostasis.22 HIF-1α upregulates a signalling 

cascade involving ~100 genes, which enables adaptive cellular functions to support 

tumour cell survival, proliferation and metastasis and results in a more aggressive 

phenotype.24,25 It has been observed experimentally that changes in transcription, gene 

and protein expression occur at oxygen concentrations < 1% (< 7.6 mmHg).26,27  

As HIF-1 induces several survival strategies, it is a key player in hypoxia related tumour 

resistance.28 Radio-and chemo-therapy resistance is attributed physically to a lack of 

oxygen and by the reduction in oxygen free radicals.22 During radiation therapy, oxygen 

is central to chemically mediating radiation-induced DNA damage creating adducts that 

are difficult for cells to repair.25 HIF-1 mediates cell cycle arrest, antiapoptotic effects 

and angiogenesis effects which all serve to decrease the impact on 

radiosensitivity.25,29,30 For example, up to a 3-fold higher radiation dose is required to 

achieve the same level of tumour cell death in hypoxic tumours compared to 

oxygenated tumours.22,25 Chemotherapy resistance is caused by a reduction of the free 

radicals that can be made (e.g. by bleomycin and doxorubicin) and via the inhibition of 

cell cycle progression and proliferation.22 Therefore the detection of hypoxia is key to 

therapy and treatment planning. 

There are two broad strategies for imaging hypoxia: the so called “direct” and “indirect” 

imaging methods.15 Direct imaging agents interact with oxygen and undergo structural 

changes that allow them to accumulate in the area of low oxygenation.15 Indirect 

imaging does not depend directly on the oxygen, instead upon downstream targets 

regulated by hypoxia. Currently there are no established methods in routine clinical 

practice  to detect tumour hypoxia that are (i) non-invasive, (ii) can be routinely 

prepared and (iii) indicative of the hypoxic cell population. The current “gold standard” 
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method is oxygen-sensing electrodes, which in addition to being invasive, suffer from 

intraoperative variability.2,15 Futhermore it has been shown that the location of hypoxic 

tumour cells/ HIF-1 activity changes substantially as the tumour grows; that fluctuations 

in blood flow can result in intermittent hypoxic regions31–33 and that the volume of 

hypoxic regions changes drastically after radiotherapy – first experiencing a temporary 

decrease before a subsequent increase.32,34 New techniques to determine hypoxia and 

detect hypoxic regions are required and molecular imaging can provide this dynamic 

diagnosis. 

1.3. Carbonic Anhydrases (CAs) 

1.3.1.  General 

In response to hypoxia, HIF-1α starts a signalling cascade involving ~100 genes, but it 

has been found that the most overexpressed gene in response to hypoxia in humans is 

CA9 which encodes for the enzyme carbonic anhydrase IX (CA IX).35,36 Carbonic 

Anhydrases (CAs) are a class of zinc metalloenzymes that catalyse the reversible 

hydration of carbon dioxide and water to bicarbonate and a proton (Figure 1).37,38 The 

active site of all α-CAs is located at the bottom of a 15 Å deep funnel-shaped 

amphiphilic cavity, one wall of which is predominantly hydrophilic residues whereas 

the other is mainly hydrophobic. The catalytic Zn2+ ion is coordinated by three 

imidazole groups of histidine residue sidechains and by one hydroxide ion (or water 

molecule) in a distorted tetrahedral geometry. Zinc bound hydroxide has capacity to act 

as a strong nucleophile and base.38  
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Overall catalysis 

CO2 + H2O  HCO3
- + H+ 

Figure 1: Catalytic mechanism of CA (hCA II shown) for the interconversion of CO2/HCO3
-

.39 

To date, 16 isoforms of CA have been characterised in mammals, they differ in their 

subcellular localisation, catalytic activity and susceptibility to various inhibitors.37 CA 

isoform subcellular location varies from the cytosol (CA I, II, III, VI and XIII), to the 

membrane (CA IV, IX, XII, XIV and XV) and to mitochondria (CA Va and CA Vb), 

while one isoform is secreted in saliva (CA VI).37,40 Additionally there are three 
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acatalytic CA related proteins; these do not contain a Zn2+ ion (CARP - CA VIII, X and 

XI).37,41 The CA isoforms play several vital roles, for example, in pH and CO2 

homeostasis, electrolyte secretion and biosynthetic reactions.42 

The monoclonal antibody (mAb) G250 was isolated and characterized 30 years ago43,44 

and was of great interest as it bound to a cell surface antigen that was overexpressed in 

> 90% of renal cell carcinoma (RCC) – a cancer type with very poor prognosis.43–45 

Fine-specificity analysis revealed very little binding of G250 in normal tissues, and 

therefore the potential of this antigen as a therapeutic and diagnostic target was 

identified.43 In 1994 Pastorek et al cloned and characterized the antigen recognised by 

G250, which was finally identified as human tumour associated protein CA IX.46  

1.3.2.  Carbonic Anhydrase IX 

CA IX is expressed in the stomach and GI tract and few other ‘normal’ tissues, but it is 

ectopically induced and overexpressed in several solid cancer types, including: cervical, 

clear cell renal cell (ccRCC), pancreatic, breast, bladder, head and neck, soft tissue and 

non-small cell lung carcinoma.37,47,48  

CA IX is dimeric with an intermolecular disulfide bond between the catalytic domains 

of two monomers.49 Each monomer is comprised of an intracellular cytosolic tail, a 

single transmembrane helix domain, an extracellular catalytic and an extracellular 

proteoglycan domain (PG domain), the latter feature is unique to CA IX (Figure 

2).37,42,49,50 The PG domain is a 59 amino acid polypeptide and is placed in front of the 

catalytic domain at the amino-terminal section of the protein.42,49 Although its exact role 

is yet to be confirmed, it has shown that it may be involved in the tumour adhesion and 

invasion process.37,42,51 It also plays an important role in the catalytic activity; CA IX 

has been shown to be the most active isoform for the CO2 hydration reaction, and the 

PG domain specifically increases the hydration activity > 2-fold.37,42,51  

 

Figure 2: Domain organisation of the CA IX monomer protein. SP = signal peptide; PG = 
proteoglycan; CAT = catalytic; TM = transmembrane and IC = intracellular cytosolic tail.42 
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1.3.3.  Carbonic Anhydrase XII 

It has been found that the CA12 gene is also upregulated by HIF-1 in response to 

hypoxia and is associated with cancer progression.37,52 The CA XII protein is a 

transmembrane CA isoform like CA IX, but unlike CA IX it is present in a selection of 

normal tissues.53,54 A resurgence in interest in CA XII has occurred recently as Kopecka 

et al discovered that CA XII was upregulated in chemoresistant cancer cells and could 

be used as a pharmacological target for research and treatment of multi-drug resistant 

tumours.55 

1.3.4.  The role of CA IX and CA XII in pH homeostasis 

CA IX and CA XII are thought to play an important role in pH homeostasis (Figure 3).37 

The extracellular pH (pHe) of tumour cells is lower than in normal tissue owing to 

elevated anaerobic metabolism, leading to increased production and export of acidic 

metabolites such as lactic acid.37,56 Švastová et al postulated that as CO2 is an important 

source of acidity of pHe, it is likely that pHe is controlled in part by CA, the most likely 

being CA IX as a consequence of its extracellular location.57 They showed that CA IX 

could acidify the pH of culture media in hypoxia but not in normoxia.57 At a molecular 

level CA IX and CA XII overexpression leads to dramatically increased production of 

HCO3
- and H+ at the extracellular surface of hypoxic tumour cells. The HCO3

- is actively 

transported into the cell to buffer the intracellular pH (pHi) while the H+ contributes to 

acidosis of the extracellular space.26  

Extracellular acidosis supports invasion and metastasis.24,58,59 Hypoxic cells can survive 

this environment and therefore have a selective advantage over normoxic cells.58 

Additionally, it has been shown that acidosis is mutagenic and clastogenic, increasing 

the phenotypic diversity and subsequently the evolutionary potential of the tumour 

population. It has also been shown that lactate diffusing from tumour cells into tumour-

associated fibroblasts can stimulate hyaluronan synthesis in the latter.59 Hyaluronan is a 

polysaccharide (made of repeating disaccharide units) and its production may be 

essential for tissue morphogenic transformations60 and additionally, it has been 

implicated in enhanced cell adhesion and locomotion.60 In hypoxia, the upregulation of 

hyaluronan is thought to generate a rearrangement in the extracellular matrix that 

supports tumour cell migration.59  
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Figure 3: The mechanism of the pro-survival role for carbonic anhydrase in pHi and pHe 
regulation during hypoxia (right) as compared to a normoxic cell (left).61  

Innocenti et al examined the pH dependency of kcat/KM of the CA I, II, XII, and XIV 

isoforms and showed that only CA IX (with both a catalytic and proteoglycan domain) 

had an optimal catalytic activity in acidic pH ranges (pKa 6.5).42 The unique 

proteoglycan domain of CA IX is likely to be intrinsic to CA IX functioning efficiently 

at this acidic pH as its amino acid residues (of which 26 are aspartic acid and glutamic 

acid with carboxylic acid side chains) allow it to act as an intrinsic buffer.42,49,50,62 This 

domain resembles the keratan sulfate attachment domain of aggrecan (38% 

homology).63 Aggrecan interacts with hyaluronan and collagen, indicating that CA IX 

may be involved in extracellular matrix interactions.63 

It is widely accepted that CA IX may be used as an endogenous marker of tumour 

hypoxia.48,64–71 CA IX offers several features that make it a promising clinically relevant 

candidate for diagnostic imaging.15,65 Firstly, as the active site domain is extracellular it 

can be targeted by imaging agents that do not have to transverse the cell membrane15, 

and secondly it is expressed in few normal tissues but is overexpressed to high 

concentrations in hypoxic conditions with a long half-life improving specificity of 

targeting agents.36,65 
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1.3.5.  Antibody vs Small molecules as imaging agents 

mAbs are a homogenous population of immunoglobulins (e.g. IgG) directed against a 

single epitope72 and are well established as workhorses in research and diagnostic 

laboratories.73 They provide excellent specificity towards their antigen but a common 

limitation is slow or incomplete tissue distribution, especially to areas with poor 

vasculature65 as they cannot completely penetrate the tissue.74 Contributing factors to 

this include molecular size (IgG ~150 kDa), the antigen barrier and the high tumour 

interstitial pressure. A further disadvantage  of mAbs is that slow plasma clearance 

maintains high drug levels which complicates imaging and therapy.74 The potential role 

of antibodies to detect imaging biomarkers has been broadly recognised in oncology 

and currently there are CA IX-specific mAbs in Phase III trials as both therapeutic and 

diagnostic agents for both SPECT and PET.53,73 

Antibody fragments have several advantages over parent IgG antibodies owing to 

modified physicochemical properties. Their reduced molecular weight (~100 kDa) may 

help tumour penetration (particularly in hypoxic regions), lessen immunogenicity and 

due to a more rapid clearance time, and reduce radiation exposure.75  Rapid clearance 

may result in a decrease in absolute uptake, and due to reabsorption by renal tubular 

cells may lead to radiation-induced nephrotoxicity.48,75,76 In a similar manner, scFv 

(single chain variable) antibody fragments (25 kDa) might result in improved tissue 

penetration but again have problems associated with rapid clearance and their 

monovalency could result in aggregation.77,78   

SIPs (Small Immunoproteins) are bivalent fragments with a molecular weight of ~80 

kDa that consist of two conjoined scFv fragments, a hinge region and a IgG1 CH3 

domain.77,78 This increase in molecular weight reduces clearance time and 

immunogenicity and advantageously increases total affinity.77,78 However, the synthesis 

of SIPs requires several steps while they have no effector functions, making them 

unusable for therapy.16,77   

Dubois et al showed in 2007 that CA IX mAbs were not able to distinguish active CA 

IX in hypoxic cells from inactive CA IX in aerobic cells, additionally mAb binding to 

CA IX was still observed when hypoxic cells were re-oxygenated.79 This shows that 

mAbs are selective to CA IX but do not necessarily detect hypoxia. This vastly limits 

the scope of CA IX mAbs for the detection of tumour hypoxia. Dubois et al 
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demonstrated irrespective of the level of CA IX protein, HIF-1α activity, or cell line 

studied, that the binding of primary sulfonamides to CA IX requires both the expression 

and activation of CA IX as the active site of CA IX is capable of binding primary 

sulfonamides only in hypoxia.17 They showed that the binding of sulfonamide inhibitors 

occurs only under hypoxia and not in aerobic cells.79 Therefore our attention has turned 

to small molecules. Small molecules as imaging agents offer improved ADME 

(adsorption, distribution, metabolism and excretion) and DMPK (drug metabolism and 

pharmacokinetics) properties over antibody and antibody fragments as imaging 

agents.80 For example, it is possible to readily alter size, shape, charge, polarity and 

hydrophobicity of small molecules to optimise these properties.80 Additionally, the cost 

and ease of manufacture of small molecules in comparison to antibodies is substantially 

lower, benefiting clinical trials, research applications and eventual use in patients.  

1.4. Carbonic Anhydrase Inhibitors (CAIs) 

1.4.1. Aromatic sulfonamide small molecule inhibitors 

Aromatic primary sulfonamides (ArSO2NH2) are the classical small molecule CA 

inhibitors (CAIs) that bind with high affinity to the active site of CAs (Ki 1 μM to sub-

nM), with some CAIs, for example acetazolamide, used clinically, Figure 4.38,41 Primary 

sulfonamide isosteres, sulfamates and sulfamides, are also categorised as zinc binding 

groups (ZBG) and have also been shown to have high affinity for CAs.81 It is generally 

accepted that the deprotonated inhibitor binds to CA through hydrogen bonding with 

amino acid residues of the active site, allowing co-ordination of the ionized inhibitor to 

zinc57 generating a tetrahedral adduct (Figure 5). As early as 1948, Krebs showed that 

N-substitution on the sulfonamide moiety dramatically reduced the potency of aromatic 

sulfonamide compounds.82 This binding mechanism is in contrast to e.g. thiocyanate, 

which adds into the metal coordination sphere to give a trigonal-bipyramidal species 

(Figure 5) and to coumarins that act as suicide inhibitors, undergoing hydrolysis and 

binding irreversibly to the active site cavity entrance.40,64  
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Figure 4: Selected primary sulfonamide CA inhibitors used clinically.83 

 

Figure 5: a) CA active site inhibition of primary sulfonamides give a tetrahedral species 
as compared to inorganic ion inhibitors like thiocyanate that results in a trigonal 
bipyramidal adduct b) Canonical interactions of a primary sulfonamide inhibitor bound in 
the CA active site. 40,84 

CA active sites are extremely tolerant to diverse and variable structures appended to the 

aromatic sulfonamide moiety.80 It is possible to vary considerably the appended group 

and still have strong CA inhibition. This tolerance allows fine tuning of the 

biopharmaceutical and toxicological properties of the inhibitor via structural 



                                                                                                                                                Chapter 1 

14 

 

manipulations.80 A comprehensive examination of CAIs is beyond the scope of this 

thesis, however, this area has been reviewed, see Supuran et al, 2010.85  

The protonation constants associated with the binding of a sulfonamide nitrogen to a 

zinc centre fall in the pH range of 5-7.5, this may contribute to the selective binding in 

hypoxia though this is not fully understood.86  

Many primary sulfonamide compounds are “dirty” CA inhibitors and lack CA isozyme 

selectivity. CA II is abundant in many tissues and organs including erythrocytes, and is 

involved in several “normal” physiological functions. 83,87 In 2004 Pastoreková et al 

highlighted CA II has 33% homology with CA IX, the proton shuttling residue and zinc 

ligands in the active site are identical for both.83 Owing to the similar active site 

architecture there is a need for structural optimisation, guided by the principles of 

medicinal chemistry, to produce primary sulfonamide compounds that can selectively 

target CA IX. In the active site, at position 131, CA II has a phenylalanine (Phe) 

residue, whereas CA IX has a valine (Val) residue.83 The bulkiness of Phe 131 is a 

critical feature of CA II for the binding of sulfonamide inhibitors but it may limit the 

space for the sulfonamide to bind or contribute to stacking interactions with other 

inhibitor groups.83,88,89 Conversely, the smaller Val 131 in CA IX is not available for 

any stacking interactions and results in a larger active site cavity. Additionally, the 

residue at 132 differs: in CA II it is glycine (Gly) but in CA IX it is aspartic acid (Asp). 

Pastoreková et al concluded that this difference may mean that CA IX has stronger 

interactions with polar groups because the COOH of Asp has an increased amount of 

hydrogen bond donor atoms and that this residue may also have flexible conformations.  

A crystal structure of CA IX was first published in 2009 by Alterio et al who compared 

it to the crystal structures for CA IV, XII and XIV, also transmembrane CAs with 

extracellular active sites.50 This comparison revealed that the main structural difference 

between CA IX and other transmembrane isoforms occurs in the N-terminal region and 

at a section between 232–238 of the catalytic domain. This region, however, is far 

removed from the active site and does not impact the catalytic activity or inhibitor 

binding.50 Otherwise, in the catalytic domain, there is substantial three-dimensional 

similarity between these four isoforms, with CA IX having 30-40% sequence identity 

with the other transmembrane isoforms. When superimposed, the average rmsd between 

the backbone atoms in the catalytic domain of CA IX to CA IV, CA XII and CA XIV 

was calculated as 1.7, 1.4 and 1.5 Å respectively, demonstrating how similar the 
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backbone architecture is.50 Only eight amino acid residues in the active site differed 

between isoforms, four of these amino acids are located in the region 125-137, 

corroborating the findings by Pastoreková.50 The 125-137 region has been identified as 

a “hot spot” to consider when designing specific drugs or agents, as it differs in both 

structure and sequence.50 

1.4.2.  The “tail” approach for developing selective inhibitors 

There are several approaches that have been employed to develop CA IX selective small 

molecule inhibitors. One tactic is to design molecules that are impermeable to the cell 

membrane by addition of a “tail” moiety.83 This so called “tail approach” was 

introduced in 1999 by Supuran and co-workers, where the “tail” is any moiety, with 

selected physiochemical properties, connected to a known aromatic sulfonamide CA 

pharmacophore, resulting in tunable physiochemical properties such as pKa, solubility, 

hydrophilicity and more.84,90 Several chemistry reactions have been used for linking the 

“tail” group to the aromatic sulfonamide group including click chemistry, cross 

metathesis, amide bond formation, esterification and urea formation reactions amongst 

others.80,91 Improved CA IX selectivity can be achieved by increasing the molecular 

weight (e.g. attachment to polymers, Figure 6A)83,92; increasing polarity by using salt-

like compounds (e.g. quaternary ammonium salts, Figure 6B) 83,93,94 or cationic 

compounds (Figure 6C).83 Within our group, increasing the hydrophilicity by 

introduction of a polar sugar tail moiety to reduce membrane permeability has been 

investigated (Figure 6D).53 Taken together these findings demonstrate that it is possible 

to carefully design optimised compounds for binding into the CA IX active site. “Click 

tailing”, described next, has allowed a wide variety of compounds to be synthesised and 

evaluated for CA IX binding to facilitate the process of optimisation.84,95 Successful 

applications of this methodology have been exploited by medicinal chemistry for drug 

discovery and radiopharmaceutical development.84  
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Figure 6: Selected primary sulfonamide inhibitors designed for CA IX selectivity via 
structural modifications including A) increased molecular weight, B) increased polarity, 
C) adding cationic character or D) increased hydrophilicity.83,92–94,96  

1.4.3.  Click chemistry 

The term “click chemistry” was first coined by Sharpless and co-workers in 2001 and 

refers to several classes of reaction that are: modular; wide in scope; high yielding; 

produce inoffensive or no by-products and stereospecific (but not necessarily 

enantioselective).97 Additionally, the necessary reaction criteria include: simple reaction 

conditions; readily available starting materials and reagents; either no solvent/benign 

solvent or solvent that is easily removed and simple product isolation.  

The copper (I) catalyzed azide alkyne cycloaddition (CuAAC) to from a 1,2,3-triazole is 

described as “the cream of the crop” of click chemistry reactions.97 Triazoles are of 

great interest in medicinal chemistry as they are exceptionally stable structures resistant 

to acidic, basic, reductive and oxidative conditions and also to enzymatic degradation.98 

In addition they are non-classical bioisosteres of amides (Figure 7).98 When included in 

a pharmacophore, the triazole can adopt a passive or active role: it can either provide a 

non-labile covalent spacer between discrete N-1 and C-4 or C-5 substituents or it can 

participate through direct interactions with the biological target, contributing to the 

overall pharmacophore.84,98  
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Figure 7: Functional group comparison of Z/E amides to 1,4 /1,5-triazoles.84,98 

The thermal mediated reaction of organic azides with alkynes will result in a mixture of 

1,4 and 1,5-disubstituted 1,2,3-triazole products. The use of Cu(I) as a catalyst leads to a 

dramatic <107-fold rate enhancement and exclusive production of the 1,4-disubstituted 

triazole product.84 The proposed catalytic cycle of this reaction is initiated with the 

displacement of the alkynyl proton by Cu(I) (Figure 8, A).99 The intermediate π-

complex reduces the pKa by ≤ 9.8 units allowing this transformation to take place in 

aqueous conditions. The second step (Figure 8, B) coordinates the azide to this 

intermediate, binding to the copper and forming a six-membered Cu(III) metallocycle 

intermediate. The penultimate step (Figure 8, C) is the formation of a Cu(I)-triazolyl 

intermediate (whose protonation is the rate-limiting step of the reaction) before 

proteolysis results in the final triazole product.97,99  

The typical reported click chemistry reaction uses copper(II) sulfate and sodium 

ascorbate in tBuOH/H2O (2:1) and generated in situ is the common aqueous reaction 

catalyst, Cu(I), but Sharpless et al and other groups have reported that copper turnings 

or copper powder can be used.38,100 The advantages of using copper powder include 

easier purification, low cost and there is no need for a reducing agent, but the 

disadvantages are that higher equivalents of catalyst and longer reaction times are 

required.100 
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Figure 8: Catalytic cycle for copper catalysed azide alkyne cycloaddition, CuAAC.38,97,99 

Various groups have developed other copper-based catalysts for CuAAC, for example 

Cu nanoclusters designed by Pachón100 et al or the CuI@A-21 solid supported catalyst 

designed by Wu et al.101 Chan et al have shown great success in using polytriazoles to 

stabilize Cu(I) during catalysis, the most successful being tris-

(benzyltriazolylmethyl)amine (TBTA) (Figure 9), which allows a reduction in the 

amount of copper required to 1 mol%.102 Cyclic voltammetry confirmed that these 

oligotriazole ligands stabilise the Cu(I) oxidation state of the metal.102 It was suggested 

initially that the complex completely envelops the Cu(I) centre, resulting in there being 

no free binding sites for the destabilising interactions.102 It keeping with this it was 

proposed that the tertiary amine was permanently coordinated during catalysis, and 

accelerates the process by providing additional electron density on the metal centre and 

to the more labile triazole groups by temporarily coming off the copper centre to allow 

formation of the copper(I)-acetylide/ligand complex.102,103 Donnelly et al showed that 

Cu(I) does not co-ordinate with the tertiary amine and instead a dinuclear coordination 

complex is formed with the triazole bridging two metal centres through the medial and 

proximal nitrogens. However, as the process shows first order dependence on Cu(I) 

concentration, this is likely the precursor to the actual catalytic species.103  
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Figure 9: Selected multi-triazole complexes known to stabilize Cu(I) during CuAAC.102 

1.5. Radiopharmaceutical PET/SPECT imaging of Hypoxia 

1.5.1.  PET/SPECT imaging 

PET and SPECT were the first molecular imaging modalities to be used clinically.3 

Where SPECT uses gamma emitting radionuclides (the ideal energy is around 10-250 

keV, although higher energy γ emitters have been used, e.g. 131I = 723, 637, 364 

keV107), PET requires radionuclides that emit a positron: once released, the positron is 

annihilated with an electron and this releases two anti-parallel 511 keV photons which 

are detected by gamma ray detectors in a PET scanner (Figure 10). As the photons are 

detected as a coincidence event, it is possible to localise their origin with precision 

which enables image reconstruction. 

 

Figure 10: Overview of positron emission and image generation in a PET scanner. A 
positron is released from a positron emitting radionuclide (e.g. [18F]-FDG) and 
subsequently undergoes annihilation with an electron to produce two anti-parallel 511 
keV gamma rays. These gamma rays are detected by the PET scanner and their precise 
location identified allowing an image to be reconstructed.104 
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Despite its higher cost, the clinical interest in PET has surpassed that of lower cost 

SPECT owing to higher sensitivity (around 2-3 orders of magnitude) and resolution, 

with the potential of absolute quantification.3,105,106 In addition, the subsequent 

development of dual modality PET/CT in 1998 further widened the clinical utilisation 

of PET as PET/CT offers an amalgam of functional and anatomical information.105 

There are several PET and SPECT radioisotopes available, with half-lives ranging from 

minutes to days, which can facilitate optimisation of the half-life to the 

pharmacokinetics of the radiopharmaceutical (Table 2). 

Table 2: The half-life for common radionuclides used in PET and SPECT.3,107b 

Modality Radionuclide Half-life (t1/2) 

PET 

11C 20.4 min 

13N 9.97 min 

15O 122.2 s 

64Cu 12.7 h 

18F 109.7 min 

68Ga 67.7 min 

124I 4.2 d 

89Zr 78.41 h 

SPECT 

67Ga 3.26 d 

125I 59.40 d 

131I 8.02 d 

111In 2.80 d 

177Lu 6.73 d 

99mTc 6.02 h  

 

PET radionuclides can be roughly categorised into three distinct groups: (i) radiometals, 

(ii) radiohalogens and (iii) lower MW elements.107 The lower MW elements (11C, 13N 

and 15O) are commonly found in therapeutics and may be readily incorporated into 

synthetic bioactive small molecules.107 Similarly, the size of halogens allows them to be 

incorporated into a bioactive molecule often with minimal alteration of biological 

activity compared to the parent non-halogenated compound.107 Radiometals have a 

range of radionuclidic properties and can be extremely useful for tagging large 

biomolecules.107 It is desirable for the PET isotope to have a low ejection energy to 

minimize the distance that the positron travels from the target site before it becomes 

annihilated.108 Many PET isotopes additionally emit γ rays, β or α particles in their 

decay chain, so it is advantageous to have a pure positron emitted to minimise any 
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dosimetry problems.108 For example, all lower MW elements are pure positron emitters 

(β+, 100%) as compared to e.g. iodine-124 that decays by positron emission (β+, 23%), 

and electron capture (EC, 77%). Copper-64 has an additional form of decay, electron 

emission (β-, 39%) in addition to β+ (18%) and EC (43%).107 This has a therapeutic 

advantage as electrons cannot escape the body in the same way as gamma radiation, and 

therefore radiation is deposited into the tissue.107 

Cancer cells are highly glycolytic due to their rapid proliferation and this has been 

exploited for imaging.109,110 [18F]-Fluorodeoxyglucose ([18F]-FDG, Figure 11) is the 

most commonly used PET radiotracer in oncology. It is an analogue of glucose 

radiolabelled with 18F (β+ 635 keV 97%, t1/2 110 min)107; one of the most widely used 

radioactive isotopes due to its low positron emission energy, lack of side emissions and 

half-life suited to imaging of glucose metabolism (110 mins). [18F]-FDG is actively 

transported from blood into cells via glucose transporters (mainly GLUT1).111 Once in 

the cell, it is phosphorylated to FDG-6-phosphate, predominantly by HK2 

hexokinase.111 FDG-6-phosphate is effectively trapped in the cell as the negatively 

charged phosphate and is not membrane permeable nor a substrate for glucose 

transporters.111   

 

Figure 11: [18F]-FDG metabolism by HK2 hexokinase to [18F]-FDG-6-phosphate. 

[18F]-FDG is not cancer or hypoxia specific and will accumulate in areas with high 

levels of glycolysis and metabolism including: sites of hyperactivity; active 

inflammation and tissue repair.112,113 Additionally, some cancers do not display 

elevation in glucose uptake (e.g. primary prostate cancer)110 or have low activity (e.g. 

mucinous, low-grade lymphoma, carcinoids, bronchioloalveolar cancer).114 It has also 

been shown that glucose is not the only substrate used by cancer cells for oxidative 

phosphorylation (e.g. glutamine may be used), resulting in diminished uptake of [18F]-

FDG and erroneous results.109,110 Finally, [18F]-FDG has a subcentimetre size limitation, 

detrimental to early detection, and it fails to diagnose slowly growing tumours.113,114 

Therefore new PET tracers that overcome these limitations would be beneficial to 

clinical oncology. 
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1.5.2. Indirect and Direct Labelling of Imaging Agents for Hypoxia 

There are two methods of labelling small molecules: either direct labelling or indirect 

labelling (not to be confused with direct and indirect imaging methods introduced 

previously). With direct labelling, the molecule is conjugated directly via a covalent 

bond to the radionuclide (e.g. the lower MW elements). Indirect labelling uses an 

exogenous bifunctional chelator (BFC) conjugated to the biomolecule/small molecule, 

to coordinate the radionuclide (commonly a radiometal). Bifunctional chelating ligands 

(BFCs), are chelators with both a metal binding moiety and a chemically reactive 

functional group.115 Selected mono- and bifunctional chelators, discussed next, are 

shown in Figure 12. 

 

Figure 12: Selected mono- and bifunctional chelating ligands for radiometals/metals. 
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There are several PET and SPECT imaging agents that have been investigated to image 

hypoxia, either based on direct or indirect imaging. Examples of radiotracers utilising 

fluorine-18 [18F], copper-64 [64Cu], gallium-67 [67Ga] and gallium-68 [68Ga] will be 

described. This list is not exhaustive but provides a broad spectrum of the development 

of hypoxia imaging agents with a focus on biodistribution and PET imaging 

performance.  

1.5.3. Direct Imaging agents for hypoxia 

Several imaging agents used clinically for imaging hypoxia are based on direct imaging 

of hypoxia. One of the most prominent chemotypes to emerge for direct imaging of 

hypoxia are nitroimidazoles.15 In cells, nitroreductase reduces the nitro functional group 

of nitroimidazoles to a nitro anion radical, which is quenched in the presence of 

oxygen.15 During hypoxia, the nitro anion is stabilized and further reduced to an amino 

group, which reacts irreversibly with nucleophilic functional groups found on many 

cellular biomolecules, including nucleic acids and proteins, and hence this chemotype 

becomes trapped inside the cell (Figure 13).15  

 

Figure 13: Mechanism of nitroimidazole reduction in normoxia and hypoxia.15,116  
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Fluorine-18 [18F] direct imaging agents 

There are several nitroimidazole PET based imaging agents currently in clinical use. For 

example, the first generation nitroimidazole compound [18F]-FMISO (Figure 14) has 

substantial binding in hypoxic regions with pO2 levels below 2-3 mmHg.117,118 This 

compound has been used to assess tumour hypoxia in brain, lung, and head and neck 

cancer patients.117,118 However, [18F]-FMISO possesses unfavourable imaging 

characteristics including slow tumour-specific accumulation and slow nonspecific 

cellular washout of the tracer - a delay of approximately 2 h is required for removal of 

the tracer from normal background tissues.118 Second and third generation 

nitroimidazoles, [18F]-FAZA and [18F]-HX4, respectively, were developed to address 

the pharmacokinetic problems of [18F]-FMISO (slow tumor-specific accumulation and 

nonspecific washout).119 For a comprehensive review of all [18F] nitroimidazole 

imaging agents, see Fleming et al 2015.120 

 

 

Figure 14: Selected [18F] nitroimidazole PET imaging agents for imaging hypoxia.119  

Copper-64 [64Cu] direct imaging agents 

[64Cu] nitroimidazole complexes have also been investigated, either with a cyclam 

(1,4,8,11-tetraazacyclotetradecane) or dithiosemicarbazone backbone (Figure 12). 

[64Cu] is the most commonly used radioisotope of copper as it has a long half-life (12.7 

h – allowing 48 h timepoint imaging) and it can be produced on a large-scale with high 

specific activity using a biomedical cyclotron.121,122 Cu(II) is a d9 metal of borderline 

softness (acid), favouring amines, imines and bidentate ligands to form square planar, 

distorted square planar, trigonal pyramidal, square pyramidal and distorted octahedral 

geometries.123 The negatively charged Cu(II) complexes have shown favourable 

clearance characteristics when compared to positively and neutral charged molecules.122 
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64Cu has been used for both small and large molecules labelling, slower clearing mAbs, 

polypeptides and nanoparticles.118,123  

Cyclam (Figure 12) binds well to copper and therefore is an extremely important 

chelating ligand in radiochemistry.124,125 In 2010, Engelhardt et al created a series of 

“mix-and-match” compounds to detect hypoxia by combining cyclam derivatives with 

various nitroimidazoles.126 They altered the number of nitroimidazole moieties, the 

linker group chain length and the backbone of the cyclam itself to optimise the complex 

for imaging hypoxia.126  

It was found via in vitro binding studies that compounds 4 and 7 (Figure 15) were the 

optimal hypoxia imaging agents of this panel and these were tested in a rat model 

bearing R3327-AT prostate cancer tumours. Interestingly, when compounds 4 and 7 

were radiolabelled with [99mTc], a SPECT imaging radionuclide, a 10-fold lower uptake 

was found in tumours when compared to the [64Cu] analogue. This finding suggests that 

the radiometal itself had a direct effect on uptake.126 However, the authors concluded 

that additional work was required to validate these compounds as hypoxia imaging 

agents.126 

 

Figure 15: Cyclam based bisnitroimidazole imaging agent precursors to image tumour 
hypoxia.126 

Dithiosemicarbazones have been extensively studied in cancer since their anti-tumour 

properties were discovered in the 1960s, especially as it was found that incorporating 

Cu(II) significantly enhanced their activity. It was later shown by Fujibayashi et al in 

1997 that one variant of the dithiosemicarbazone series, Cu-ATSM (diacetyl-bis(N4-

methylthiosemicarbazone)) showed hypoxia selectivity (Figure 16). 118,127  
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Figure 16: Selected dithiosemicarbazone based complexes shown to have antitumour 
properties. Cu-ATSM has shown hypoxia selectivity.118,128  

Cu-ATSM freely diffuses across the cell membrane where it is likely reduced, trapping 

the complex inside the cell. Although reduction is almost certainly the cause of cellular 

trapping, the mechanism of this is still debated in the literature (see Dearling 2010 and 

Price 2011).129,130 Cu-ATSM was first evaluated in humans in 2000, and in 2006 a pilot 

study of 64Cu-ATSM was approved by the FDA to examine the uptake and kinetics of 

this complex in women with uterine cervical cancer.131 Lewis et al reported the first 

clinical comparison between [64Cu]-ATSM and [18F]-FDG and importantly showed that 

[64Cu]-ATSM is a marker for chronic tumour hypoxia (as opposed to acute 

hypoxia).123,132 However, there is concern for Cu-ATSM as an imaging agent in that it 

may be unsuitable for some tumour types, namely prostate.131 Several variants of the 

ATSM backbone have been synthesised and studied (Figure 16) with variable success; 

small structural changes to this backbone have a great effect upon hypoxia selectivity, 

which allows some fine-tuning of the molecule.118,128    

In 2010, Bonnitcha et al radiolabelled three complexes which combined a 

nitroimidazole with the dithiosemicarbazone backbone (H2L
1-3, Figure 17), proposing 

that the two functionalities combined would provide a synergistic effect with an 

increased uptake in hypoxic tumours.133 They found that all complexes showed hypoxia 

selectivity and that the nitroimidazoles did have a role in the intracellular trapping 

mechanism, with the best agent being H2L
3

 (Figure 17).133 No in vivo data was 

presented for these compounds.  

Similarly, Luo et al have proposed a related strategy using a novel bisnitroimidazole 

complex ([64Cu]-BMS2P2, Figure 17)134,135 and tested the compound uptake in mice 

bearing A549 lung tumours. They found that this complex did show hypoxia selectivity 
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(as did their mononitroimidazole complex, 64Cu-BMS181321136), this was confirmed by 

CA IX immunohistochemistry which co-localized CA IX expression to their small 

animal PET images.134 

 

Figure 17: Dithiosemicarbazone/nitroimidazole complexes radiolabelled with 64Cu. 
Complexes are designed to have synergistic properties for imaging tumour hypoxia.133–

135 

Gallium-67/68 [67/68Ga] direct imaging agents 

There are three gallium radioisotopes that have been used for radiopharmaceutical 

applications: [66Ga] (t1/2 = 9.49 h, β+ = 56%, Eβ
+

max = 4.153 MeV; γ 44%, 1.039 and 

2.572 MeV); [67Ga] (t1/2 = 78.3 h, γ = 93.3 keV, 37%, γ184.6 keV, 20.4%, γ = 300.2 

keV, 16.6%) and [68Ga] (t1/2 = 67.71 min, β+ = 89%, Eβ
+

max = 1.9 MeV; EC = 11%, 

Eγmax = 4.0 MeV).137 [67Ga] has been used for SPECT and gamma scintigraphy while 

[66Ga] and [68Ga] have been used in PET radiopharmaceuticals.3,137  

[68Ga] has been used to radiolabel small molecules, biological macromolecules and 

nano- and micro-particles, and use of this tracer for PET applications has rapidly 

accelerated.113 [68Ga] radiopharmaceuticals are advantageous over other Ga isotopes as 

[68Ga] has negligible γ emission allowing for improved imaging as the signal can be 

precisely located. [68Ga] can be produced in a commercially available 68Ge/68Ga 

generator such that an on-site cyclotron is not required.113 Its parent radionuclide [68Ge] 

has a long t½ (= 270.95 days) allowing it to be stored for a relatively long periods.138 

This renders it more cost-effective than many other commerically available 

radionuclides, for example [124I]. Although [66Ga] is attractive for tumour imaging due 
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to its relatively long half-life, it does not have the cost and convenience benefits of 

[68Ga], hence it has not been used as extensively.3 For example, the high energy 

positrons emitted by [66Ga] (Eγ = 4150, 935 keV) blurs the resultant images and give a 

high absorbed dose to the patient.3 Furthermore, [68Ga] has an inherent advantage over 

radiohalogens and the lower MW elements in that it has similar coordination chemistry 

to radiotherapeutic agents, including the Gd contrast agents used for MRI.113 

Designing imaging agents using gallium has been an active area of research, with 

several examples of [68Ga]-DOTA chelated complexes investigated.139–142 [68Ga] has 

favourable pharmacokinetics, with DOTA:Ga(III) a classic hard acidic cation (ionic 

radius 47-62 pm for coordination numbers 4-6) that strongly binds to ligands with 

multiple anionic oxygen donor sites, up to its maximum coordination number of 6, in a 

pseudo-octahedral geometry.3,137 Due to the d10 shell, extra stability is afforded to these 

complexes. Care has to be taken in the choice of chelator because many complexes can 

be hydrolysed in vivo to give the unstable complex [Ga(OH)3]. Another consideration, 

is that as [68Ga] has a similar ionic radius to Fe3+ (0.62 Å to 0.65 Å, respectively, in 6 

coordinated compounds), [68Ga] complexes need to be kinetically inert to prevent 

formation of Ga(III)-transferrin compounds.137 Ga(III)-transferrin complexes are readily 

absorbed in the same manner as iron-transferrin complexes, and so accumulate in 

tumours where rapid cell division occurs, but also in bone marrow and several other 

tissues. This distribution limits their use as tumour specific imaging agents.137,143 

The DOTA macrocycle (reporter group) saturates the 6-coordination sphere of Ga(III) 

but like copper, both mono- and di-protonated states of Ga-DOTA have a pseudo-

octahedral arrangements. This allows for functional changes to one of the 

carboxymethyl arms of DOTA but still strong binding.3 However, there are a few more 

caveats of using the DOTA chelator with Ga(III). The overly large cavity size of DOTA 

may lead to lower thermodynamic stability as well as reduced metal ion selectivity as a 

metal chelator.3 For comparison, Ga(III)-NOTA has a stability constant (Log K) of 30.1 

and a pM of 26.4 (pM = -log[M]Free, M = free metal ion left uncomplexed by a 

chelator)144, while the DOTA complex is approximately 10 orders of magnitude lower 

than this (Log K = 21.3, pM = 15.2).3 Preparation of the DOTA complex is also 

unfavourable, increased temperatures are required to overcome the poorer complexation 

kinetics, this situation is not ideal for radiopharmaceutical applications where the 

radiotracer has a short half-life. 
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Despite these caveats, there are several examples of 68Ga-DOTA conjugates in the 

literature that have proven to be very successful.139–142 For example, 68Ga-DOTA 

radiolabelled somatostatin conjugates for the molecular imaging of neuroendocrine 

tumours (NET) was a major breakthrough in the detection and management of NET 

which used a DOTA complex.62 Zeglis et al describe 68Ga-DOTA complexes in 

somatostatin receptor imaging as “a successful, although slightly flawed, marriage.”142 

Two examples 68Ga-DOTA-TOC and 68Ga-DOTA-TATE are shown (Figure 18).140  

 

Figure 18: Somatostatin radiolabelled complexes 68Ga-DOTA-TOC and 68Ga-DOTA-TATE - 
used for PET imaging of neuroendocrine tumours.140 

In 2011 Hoigebazar et al efficiently radiolabelled two nitroimidazole complexes with 

[68Ga] conjugated to a DOTA reporter group. These were examined via PET imaging 

and biodistribution in mice bearing CT-26 (mouse colon carcinoma) tumours 

determined (A and B, Figure 19). Based on previous research using 68Ga-NOTA 

complexes, they postulated that DOTA-conjugated nitroimidazole derivative would 

have the benefit of increased hydrophilicity (as compared to NOTA).145 The 

biodistribution and PET studies confirmed that while initially there was a higher uptake 

of the complex in the tumour, this decreased substantially over the 2 h imaging period 

(3.17 and 2.78 %ID/g to 0.64 and 0.59%ID/g for compounds A and B, respectively).145 

However, both A and B show high tumour-to-muscle (TMR) ratios and can successfully 

target hypoxic regions, with compound A showing an improved performance. These 

complexes were tested in two other cell lines in vitro: HeLa (Henrietta Lacks cervical 

cancer) and CHO (Chinese hamster ovarian cancer). They exhibited poor uptake, 

suggesting that they would not be suitable for all cancer types and would require further 

optimisation to advance as potential imaging agents.145 



                                                                                                                                                Chapter 1 

30 

 

 

Figure 19: Selected DOTA-nitroimidazole 68Ga PET imaging agents for direct imaging of 
hypoxia.145–147 

In 2013, two papers were published examining metronidazole [67/68Ga] complexes; a 

nitroimidazole derived antibiotic.146,147 Compound C, Figure 19, was assessed with 

[67Ga] by Sano et al and [68Ga] by Fernández et al.146,147 The biodistribution of the 

[67Ga]-C complex was examined in FM3A (mouse mammary carcinoma) tumour 

bearing mice, this revealed a two-fold uptake in the tumour compared to a non-

nitroimidazole control but also high uptake in the lungs, liver and kidney.147 Fernández 

et al analysed compounds [68Ga]-C and [68Ga]-D in C57 mice bearing a Lewis lung 

tumour, tumours well recognised as having a high degree of hypoxia, and compared the 

results to [18F]-FMISO.146 Their decreased lipophilicity of C and D was advantageous 

and both compounds showed selectivity for hypoxia tissue with compound [68Ga]-C 

having higher tissue selectivity ratio than [18F]-FMISO. However, the overall tumour 

uptake was less for both complexes than [18F]-FMISO.146  Sano et al then radiolabelled 

a second imaging agent, a dinitroimidazole complex (Compound E, Figure 19). It had 

been previously established that [67Ga]-E exhibited high stability in vitro and in vivo 

and had high accumulation in mouse fibrosarcomas, warranting the investigation of 

these compounds with hypoxic tumours.147,148 It was found that [67Ga]-E significantly 

accumulated in the tumour at 1 h (0.52 %ID/g), similar to [67Ga]-D (0.50 %ID/g). 

[67Ga]-DOTA levels in the tumour were much lower as expected.  The blood clearance 

of [67Ga]-E was faster than [67Ga]-D, resulting in superior tumour to blood ratios 

(TBR). From autography results, when compared to immunostaining for pimonidazole 

(a hypoxia marker), it was shown that [67Ga]-E corresponded well to areas of 

hypoxia.147 Similarly, for the PET study, [68Ga]-E gave clear visualisation of tumours 

1h after injection with high contrast between normal and hypoxic tissues.101 Sano et al 
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compared the TMR (tumour to muscle) and TBR ratios to those obtained by 18F-FMISO 

and 18F-FAZA and concluded that this compound would be far superior to both for 

hypoxic tumour imaging. However, the [18F]-FMISO and [18F]-FAZA studies in their 

comparison used different cell lines and therefore an unaccounted for variable is 

introduced. 

1.5.4. Indirect imaging agents for CA IX 

Fluorine-18 [18F] indirect imaging agents 

Several aromatic sulfonamides and one coumarin compound have been radiolabelled 

with [18F] for PET imaging targeting CA IX. Apte et al radiolabelled a (3-

sulfamoylphenyl)hexanamide complex with 18F (A – [18F]-FSPH, Figure 20). The 

authors stated that the compound was undergoing further in vitro and in vivo evaluation, 

no further data has since been reported in the literature.149  

 

 

Figure 20: Selected [18F] indirect imaging agents for tumour hypoxia targeting Carbonic 
Anhydrase IX.150–157 
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Lin, Bénard and co-workers have developed inhibitors including [18F]-FEC, [18F]-U-

104, a range of monomeric and trimeric sulfonamides and a series of tertiary 

sulfonamides (B, C, D, E, F, G, H respectively, Figure 20).150–153 The stability of [18F]-

FEC and [18F]-U-104 in mouse plasma was evaluated, both agents showed >99% of the 

tracer was intact after 2 h incubation at 37 °C. Both agents were evaluated in NODSCID 

IL2RKO mice bearing HT-29 colorectal tumours but proved ineffective due to 

metabolism.150 [18F]-U-104 showed minimal uptake in tumours compared to normal 

tissues and was dismissed as a CA IX targeting agent. [18F]-FEC also had poor tumour 

uptake but this interestingly had a high uptake in the liver and nasal cavity.150 The 

authors concluded that this uptake may be due to the presence of 7-ethoxycoumarin O-

deethylase (ECOD), a family of cytochrome P450 enzymes expressed in the liver and 

nasal cavity, that could metabolise this coumarin complex.150 This complex may have 

some application for monitoring ECOD but was not suitable as a CA IX imaging 

agent.150 The tertiary sulfonamide H, was evaluated in NSG mice bearing HT-29 

colorectal tumours.153 Compounds designed similarly (see Métayer et al87) have shown 

excellent CA IX selectivity. In vitro these compounds appeared promising as they had 

no noticeable binding to hCA II and good affinity and selectivity for CA IX when 

inhibition constants were measured in a CO2 hydration assay.153 Despite this, poor 

tumour uptake in vivo was again observed, rendering these compounds unsuitable as CA 

IX and hypoxia imaging agents.153 Compounds D, E, F and G were reported in 2015, 

with compounds F and G being the first multimeric sulfonamides radiolabelled with 

[18F] for targeting CA IX.152 The four compounds were evaluated in HT-29 tumour 

bearing NODSCID IL2RKO mice.152 The monomeric compounds D and E showed 

better tumour uptake than their trimeric counterparts F and G (D = 0.56 ± 0.11 %ID/g, 

E = 0.64 ± 0.08 %ID/g, F = 0.3 ± 0.10 %ID/g, G = 0.33 ± 0.07 %ID/g) but showed 

poorer TBR ratio.152 The trimeric compounds showed an increased TMR (9.55 ± 2.96 

vs. 4.94 ± 2.76) and TBR (3.93 ± 1.26 vs. 2.88 ± 1.81) which may be explained by 

increased lipophilicity as a result of three pendant ethylene groups as compared to the 

singular counterpart.152 Despite the relatively low tumour uptake, both trimeric 

compounds allowed clear visualisation of the tumours and provided some of the highest 

TBR and TMR ratios reported for CA IX expressing HT-29 xenografts.152 

Compound I, p-[18F]-FSTC was reported in 2010. The biodistribution of I was 

evaluated in normal mice bearing no tumour at 1, 2 and 3 h p.i. (post-injection).154 As 

early as 1 h p.i. that this compound displayed a massive accumulation in the blood and 
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showed little decrease in blood accumulation at the 3 h time point (59.35 ± 9.96 %ID/g 

at 1 h p.i and 42.51 ± 3.24 %ID/g at 3 h p.i). This high blood accummulation rendered I 

unsuitable as a CA IX targeting agent in vivo.154 

[18F]-VM4-037 (compound J) was patented by Siemens in 2010 and is the only small 

molecule to date to have advanced to both phase I and phase II clinical trials for 

imaging CA IX.155–157 During the phase I trial compound J showed intense background 

activity, limiting its use as a hypoxia imaging agent.156 In 2015 Peeters et al 

independently investigated the preclinical biodistribution and imaging capabilities of 

[18F]-VM4-037 in glioma and colorectal cancer xenograft models. The tracer failed to 

detect CA-IX expression in either cell line.158 Turkbey et al carried out a phase II pilot 

study with  [18F]-VM4-037 in 2015 in patients with ccRCC157 and concluded that 

despite there being limitations in their study, [18F]-VM4-037 was well tolerated and 

showed reasonable signal uptake in primary tumours and excellent CA-IX positive 

tumour visualization. It was considered that due to high background activity while 

imaging with compound J, that PET alone may not be suitable for analysis and instead 

in combination with CT uptake could be measured.157 

Copper-64 [64Cu] indirect imaging agents 

Indirect imaging agents chelating [64Cu] to EDTA and DTPA appended to aromatic 

benzenesulfonamides have been studied. In 2008 Rami et al published a series of EDTA 

and DTPA copper complexes, with the DTPA backbone displaying the best in vitro 

selectivity of CA IX over CA I, II and XII (Compound A, Figure 21). Aside from their 

in vitro binding inhibition constants, no further in vivo or in vitro studies were 

completed.159 In 2015 Dilworth et al synthesized new conjugates of ATSM with 

arylsulfonamides that displayed good inhibition of CA IX but were nonselective, with 

equal inhibition of CA II and CA IX. Compound B was radiolabelled with 64Cu, 

however, no in vivo studies were reported (Compound B, Figure 21).160  

 



                                                                                                                                                Chapter 1 

34 

 

 

Figure 21: Aromatic benzenesulfonamide DTPA (A) and Dithiosemicarbazone ATSM (B) 
derivatives labelled with 64Cu for indirect PET imaging of tumour hypoxia.159,160  

Gallium-67/68 [67/68Ga] indirect imaging agents 

There are several patents in the literature showcasing aromatic sulfonamide compounds 

that have the potential to be labelled with gallium but to the best of our knowledge, no 

compounds have been radio/labelled and no 68Ga complexes have been tested in vivo. 

Dilworth et al has synthesized two gallium porphyrin based agents, but did not 

radiolabel them or carry out any in vivo studies (A-GaClL8 and B-GaClL13, Figure 

22).160 Porphyrin based imaging agents are of interest as they possess an intrinsic 

fluorescence that can be exploited to study cellular uptake mechanisms. 160,161 

Additionally, it has been shown that tumours “preferentially” uptake and selectively 

retain porphyrins.160,161 Both compounds had good in vitro CA IX binding as 

determined by a CO2 hydration assay, while compound A – GaClL8 had much higher 

selectivity for CA IX than  B-GaClL13 (22.1-fold compared to 1.4-fold).160  

In 2016, Lau et al published a series of [68Ga]-benzenesulfonamide agents either with a 

DOTA or a NOTGA chelator ligand (compounds C – [68Ga]-DOTA-AEBSA, D - 

[68Ga]-DOTA-(AEBSA)2, E - [68Ga]-NOTGA-(AEBSA)3, Figure 22). From the CO2 

hydration assay, [68Ga]-NOTGA-(AEBSA)3 had the best binding affinity for CA IX but 

[68Ga]-DOTA-AEBSA had the best CA II/CA IX selectivity ratio. All three complexes 

were radiolabelled and taken forward for in vivo studies.151 The compounds were 

assessed in mice bearing HT-29 colorectal tumours. Tumour uptake was seen in tumour 

xenografts for all three tracers with additional uptake in the kidneys or liver. 68Ga-

DOTA-AEBSA was cleared the quickest and had the lowest uptake in non-target tissues 

but the NOTGA complex, E [68Ga]-NOTGA-(AEBSA)3, had the highest tumour uptake 

at 1 h p.i.. Blocking studies with acetazolamide confirmed that binding was to carbonic 

anhydrase, however, the authors concluded that further validation was warranted to 

assess the suitability of these compounds as hypoxia imaging agents.151 
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Figure 22: 68Ga indirect imaging agents with an aromatic benzenesulfonamide or 
thiadiazole sulfonamide to target CA IX and either a porphyrin (A, B), DOTA (C, D) or 
NOTGA (E) reporter group.151,160  

The development of PET imaging agents to image tumour hypoxia has been a rapidly 

expanding area, however, as described, new imaging agents for hypoxia are still 

required. 

1.6. Magnetic Resonance Imaging (MRI) 

Magnetic Resonance Imaging (MRI) is in a league of its own in terms of its superb soft 

tissue contrast and improved soft tissue characterization. MRI can produce three 

dimensional images without being invasive or without the risk associated with ionizing 

radiation.114,162 MRI is based on the principles of conventional nuclear magnetic 

resonance (NMR) and has been in continuous development since its conception in the 

1970s.162  
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1.6.1.  The basic principles of MRI image contrast 

Contrast in the majority of MRI comes from changes in the intensity of the hydrogen 

nucleus (1H) signal of water between voxels in different tissues.163 Although, it is 

possible to scan for any nucleus with a net nuclear spin, as the human body consists of 

approximately 65% water by weight and 98.7% water by number of molecules164, in 

this work, only MRI pertaining to the 1H nucleus will be described.  

In a MRI system, a radiofrequency pulse (RF) is applied and excites the free H+ nuclei. 

MRI measures this relaxation of the nuclei as they return to their original position, 

aligning back in the direction of the magnetic field.144 By using different pulse 

sequences or altering parameters such as the spin-lattice relaxation time (T1) or the spin-

spin relaxation time (T2), or proton density (PD) different image contrasts can be 

achieved.144 

As 1H possesses an unpaired proton, it has a net spin (I). The nuclear spin angular 

momentum is a fundamental quantum mechanical property of matter which can be 

quantified using Equation 1 (h is Planck’s constant, and I is the nuclear spin quantum 

number (1H = ½).164,165 

 
|𝑰| =

ℎ

2𝜋
√𝐼(𝐼 + 1) 

(1) 

   

Due to Zeeman splitting, nuclei either exist in the parallel or antiparallel spin state, the 

relative populations of which are defined by the Boltzmann distribution (2) where m-1/2 

and m+1/2 are the parallel and antiparallel spin states respectively, and k is the 

Boltzmann distribution.164  

 𝑁 𝑚−1/2

𝑁 𝑚+1/2
=  𝑒

(
𝛾ħ𝛽0

𝑘𝑇
)
 (2) 

   

As shown in equation (2), the Boltzmann distribution is affected by applied magnetic 

field and temperature. In the ground state, there is an excess number of nuclei in the 

parallel state. The net magnetisation (M0) has a vector component parallel to the applied 

magnetic field β0, but at resonance, electromagnetic photons of energy (ΔE = hω0) are 

provided to redistribute the energy levels by promoting some m-1/2 → m+1/2. Therefore, 

the net magnetization has no Mz component, now it only has Mxy (Figure 23).  
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Figure 23: Left: Boltzmann distribution diagram showing the ground state with excess 
nuclei shown in the parallel state and the net magnetisation has a vector component 
parallel to the β0 field. Upon applying ΔE, spins are promoted from the parallel into the 
antiparallel state (right) so that the net magnetisation is composed solely of Mxy.164 

In terms of classical mechanics we must consider the precession of protons. Charged 

particles experience torque, N, due to a magnetic field, β0 causing a change in angular 

momentum J, given by equation (3). 

 𝑑𝐽

𝑑𝑡
=  𝑁 (3) 

   

The magnetic moment of the proton and angular momentum is expressed as: 

 �⃗� =  𝛾𝐽 (4) 

   

Where γ is the gyromagnetic ratio (for 1H γ = 42.58 MHz / T).144,165 

Therefore the frequency of precession, the Larmor frequency, ω0 can be expressed as: 

 𝜔0 = 𝛾𝛽0 (5) 

   

Therefore the precessional frequency is dependent on the strength of β0.  

When molecules are placed into a static magnetic field (β0), their magnetic moments (μ) 

align along this field (conventionally β0 lies along he longitudinal axis z), and the 

nuclear spin of the 1H nucleus precess about β0 at the Larmor frequency (ω0) (Figure 

24A).144,164 M0 is the net magnetization and does not precess as individual 

magnetizations have homogenous phase distribution. An RF pulse (an oscillating 

magnetic field) is applied at 90° (i.e. in the xy transverse plane) and due to the electric 

field of RF, a new magnetic field β1 is created (Figure 24B). This new magnetic field 



                                                                                                                                                Chapter 1 

38 

 

induces protons away from β0 and the nuclei gain enough energy to “flip” and precess, 

moving out of the longitudinal z axis (Figure 24C) and into the xy plane (Figure 

24D).144,164 

 

Figure 24: A simplified overview of the classical mechanics governing magnetic 
moments precessing in the xy transverse plane. 

When the RF pulse is complete, the protons recover back to the equilibrium position, 

M0, by two processes: regeneration of the longitudinal magnetization (T1 recovery) or 

by the loss of the transverse magnetization (T2 decay). T1 relaxation is caused by proton 

interaction with the surrounding tissues (lattice): there is a loss of spin system energy, 

the excess energy is given to the lattice as heat and protons return to their equilibrium 

population.164 T2 relaxation is caused by the loss of coherence in the transverse 

magnetization dephasing which is caused by: the spin-spin exchange between nuclei 

coming into close proximity, an exponential decay process (T2) and inhomogeneities in 

the magnetic field (T2
*). This alternating RF field causes a change in flux (Ф) in a 

transverse receiver coil, consequently inducing a voltage (Faradays Law) which is 

picked up via a detector. 
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The spin-lattice relaxation time (T1), the spin-spin relaxation time (T2) and the proton 

density (PD) are the three intrinsic parameters resulting in tissue contrast. Typical T1 

and T2 values for selected tissues at 1.5 T are shown in (Table 3). Proton density 

weighted images produce contrast by minimising the impact of T1 and T2 differences. 

The relaxivity (r) is a measure of how much the agent can enhance the longitudinal or 

transverse water relaxation rates of the surrounding water proton spins and gives signal 

intensity (r1 = 1/T1 and r2 = 1/T2).
166 By adjusting the scan parameters (pulse sequences) 

it is possible to emphasise changes to preferentially observe tissue/different types of 

tissue; if in 1/T1 it is termed T1-weighting and T2-weighting for 1/T2. Image weighting is 

generated by different amounts of transverse magnetisation in different tissues at time of 

acquisition providing the contrast.  

Table 3: Typical T1 and T2 values (ms) for selected tissues at 1.5 T.167 

Tissue T1 (ms) T2 (ms) 

Brain Grey matter 1124 ± 50 95 ± 8 

Brain White matter 884 ± 50 72 ± 4 

Muscle 1008 ± 20 44 ± 6 

Liver 576 ± 30 46 ± 6 

Blood 1441 ± 120 290 ± 30 

 

To increase the difference in contrast between tissues, it is possible to use a chemical 

contrast agent.168 Contrast agents increase both 1/T1 and 1/T2 to different degrees 

depending on their nature and the applied magnetic field.169 Contrast agents are 

classified as T1 agents if they shorten T1 more than T2, and conversely T2 agents affect 

T2 more than T1. Where T1 agents usually have a r2/r1 ratio of 1-2 as they shorten T1 

more than T2, T2 agents can have ratios as high as 10 or more.169 

1.6.2.  Gadolinium based contrast agents for T1 weighted imaging 

MRI contrast agents based on lanthanide(III) complexes are well established, the most 

common is based on gadolinium. Paramagnetic contrast agents provide enhanced image 

contrast by changing the local relaxation rates of the bulk water protons,144 via dipole-

dipole interactions between the nuclear spins of the hydrogen nuclei of water and the 

fluctuating local magnetic field caused by the spins of the unpaired electrons in Gd.170 



                                                                                                                                                Chapter 1 

40 

 

The key to gadolinium being an excellent contrast agent is that it has a symmetric 

isotropic electronic ground state (8S7/2, [Xe] 6s24f75d1).144 The 4f shell uniquely has 7 

unpaired electrons and no net orbital momentum, which results in a near zero spin-orbit 

interaction.169,171 This results in a slower relaxation rate, about 4-5 orders of magnitude 

longer than any of the other paramagnetic lanthanide ions.171 For comparison, if 

dysprosium(III) and holmium(III) are considered, these Ln(III) ions favourably have 

much larger magnetic moments than Gd, but their asymmetry leads to large spin-orbit 

interactions and short relaxation times (~10-13s).171  

As Gd(III) based complexes increase the water signal by enhancing the longitudinal 

relaxation rate of water protons, they are therefore best visualised using T1-weighted 

images.163 They are known as positive contrast agents as they make the target tissue 

appear brighter than the surrounding tissue.  It has been established that the sensitivity 

of Gd-based agents can be noticeably affected by their interactions with biological 

structures or by their cellular localisation.163 The most common form of clinically used 

contrast agents can be split into three broad categories: those with a DTPA backbone; 

those based DO3A or DOTA backbone (Figure 25). Free gadolinium is highly 

toxic.172,173 It can interrupt critical Ca2+ signalling pathways144,172 and eventually resides 

in the liver, bone and lymph nodes where it is slowly released (< 1%/day).172 

 

Figure 25: Clinically used gadolinium based contrast agents based DOTA, DO3A or DTPA 
chelating ligands. 
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The DTPA and DOTA gadolinium complexes are nine-coordinate, 8 sites are occupied 

by the ligand, the last site is where water exchanges into the complex.169 For a 9 co-

ordinated complex, the idealised geometries are either tricapped trigonal prisms (TTP) 

or capped square antiprism (CSAP) (Figure 26), but the two geometries are so similar 

that it is possible that a structure could be described equally well as either.144,169 

Caravan et al examined several DTPA and DOTA Ln(III) agents and determined that 

most DTPA complexes are best described as distorted TTP, but the X-ray structures for 

DOTA complexes revealed most of them to be CSAP or twisted CSAP.169 

 

Figure 26: The ideal coordination geometries of lanthanides in a nine-coordination 
complex: Tricapped Trigonal Prism (TTP) and capped square antiprism (CSAP).169 

The ability of paramagnetic lanthanide compounds to enhance the relaxation rate is 

described in equation (6). It is the sum of four different contributions – the contact 

(1/Ti,C), Curie (1/Ti,χ), diamagnetic (1/Ti,dia), and dipolar (1/Ti,D).171 

 1

𝑇i,𝑜𝑏𝑠
=  (

1

𝑇i,C
+

1

𝑇iχ
+  

1

𝑇i,dia
+

1

𝑇i,D
) +  𝑟𝑖[𝑀]       𝑖 = 1,2 (6) 

 

The contact (or scaler) effect is transmitted between the unpaired electrons and nuclear 

spins through chemical bonds by scaler coupling.171 In the case of Gd3+, the electronic 

relaxation is too long for the Curie spin relaxation to contribute.171Additionally, the 

diamagnetic contribution is usually negligible for water molecules.171 The major 

contribution to the spin relaxation arises from dipole-dipole interactions between the 

large fluctuating Gd3+ electron magnetic moment and water hydrogen nucleus resulting 

in the simultaneous relaxation of multiple water molecules.171 These relaxed water 

molecules undergo subsequent rapid exchange with bulk water which can be described 
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by the Solomon-Bloembergen-Morgan (SBM) equations, which in the high field region 

(>10 MHz) can be reduced to equations (7-9).174 

 1

𝑇1M
=  

6

15

𝛾I
2𝑔2𝜇B

2S(S + 1)

𝑟H
6 (

𝜏c

1 + 𝜔0
2𝜏c

2
) (7) 

   

 1

𝑇2M
=  

1

15

𝛾I
2𝑔2𝜇B

2S(S + 1)

𝑟H
6 (4𝜏c +  

3𝜏c

1 + 𝜔0
2𝜏c

2
) (8) 

   

 𝜏C
−1 =  𝜏M

−1  +  𝜏R
−1 +  𝜏1e

−1 (9) 

 

If a water exchange process exists then the relaxation rates change to those described in 

equations (10,11). 174 

 1

𝑇1,para
=  

𝑞[M]/55600

𝑇1M +  𝜏M
 (10) 

   

 1

𝑇2,para
=  

𝑞[M]/55600

𝑇2M +  𝜏M
 (11) 

 

Where τR = rotational correlational time, ω0 is the Larmor frequency of the proton, τ1e 

=longitudinal relaxation time of the electron where [M] = concentration (mM), τM = 

residence time of coordinated water molecules, and q = number of water molecules 

coordinated to the paramagnetic molecule.174 The SBM equations describe in detail the 

relationship between the rate of relaxation and the magnetic field and contain theory 

regarding the relaxivity properties of paramagnetic contrast agents. For an in depth 

analysis of the SBM equations and their relationship to relaxivity, please refer to Long 

et al 144 and Caravan et al.169  

The structure of the chelate also has a contribution to the relaxivity. Especially at 1H 

Larmor frequencies above 10 MHz, the relaxivity of these low MW species is 

dominated by rotation.169 In 1998, Ranganathan et al determined that the relaxivity per 

Gd(III) of both multimers and monomers (~600 to ~5000 Da) generally increased with 

molecular weight and that there was a good correlation between r1 and molecular 

weight (R2 = 0.897).175 Due to slower molecular tumbling rates, lowering the 
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temperature also results in a lower relaxivity although there are exceptions if the 

molecule has a long water residence time.169,175 For multimeric gadolinium complexes, 

it has been observed that increasing the rigidity of the linker limits the local rotation of 

the chelate, increasing relaxivity for polymeric complexes.176,177 For example, 

Masterone et al observed this effect with their trimeric complexes (Figure 27).176,177  

 

Figure 27: Novel gadolinium contrast agents with different rigidity in the link between the 
DOTA reporter group and the aromatic core. As the rigidity decreases (L→R), the 
relaxivity is also seen to decrease.176 

The development and progress of MRI has focused on improving anatomical resolution 

via the introduction of functional and molecular methods.162 Functional MRI 

additionally can procure information in vivo of physiological processes of the tumour 

microenvironment including angiogenesis, cell metabolism and cellularity by perfusion, 

spectroscopy and diffusion respectively.114,162 

As MRI has advanced, with faster scans and higher resolution, more rapid radio-

frequency has been required. This has resulted in more T1 weighted images as the MR 

signal in each voxel becomes saturated and T1 agents can counteract this restoring a 

good degree of longitudinal magnetisation between pulses.163 Thus, gadolinium has 
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been favoured for several MRI imaging agents. Despite this, MRI is a relatively 

insensitive technique and a high concentration of molecular agents (0.01-0.1 mM) is 

required to produce a local alteration in the water signal intensity.163 Therefore, the 

design of agents with a high relaxivity to increase sensitivity and designing methods to 

channel a high concentration of agent to the target is a high priority. 

1.6.3.  Nephrotoxicity and Nephrogenic Systemic Fibrosis (NSF) 

The first Gd-based contrast agent produced commercially was Magnevist™ in 1988, 

followed by Dotarem™, ProHance™ and Omniscan™ (Figure 25). Over the past two 

decades, however, nephrotoxicity and nephrogenic systemic fibrosis (NSF) has been 

seen in otherwise healthy patients who were injected with a Gd-based agent prior to an 

MRI scan.178 Both of these effects are severe and there has been a growing body of 

evidence that pancreatitis and renal failure are potential complications with Gd 

administration, even in standard doses. 

Contrast medium-induced nephrotoxicity is defined as an impairment in renal function 

occurring within 3 days after the intravascular administration of contrast media and the 

absence of an alternative cause.179 It is shown by an increase in serum creatinine by > 

25% or 0.5 mg/dL (44 μmol/L). To reduce the occurrence, several methods have been 

recommended, ranging from hydration with a normal 0.9% NaCl IV drip to 

haemodialysis soon after contrast administration, yet not one is ideal.179 Nephrotoxicity 

has been reported in cases for Magnevist, Prohance and Omniscan but there have been 

several reports that show no evidence that Gd-based contrast agents worsen renal 

function even in patients with pre-existing renal insufficiency.178,180,181  

NSF (also known as Nephrogenic Fibrosing Dermopathy, NFD) has been seen in 

patients with advanced renal failure.182 It causes fibrosis of the skin, connective tissue 

and in the worst cases, of the internal organs. Severely affected patients may be unable 

to walk or extend their joints, however, if the organs are affected it can result in 

death.182 Although linked, NSF is not purely due to Gd, impaired renal function is a 

prerequisite but it is likely other factors contribute.183  

In 2008, Sieber et al showed in an animal model that NSF regions were correlated to a 

release of free Gd3+.184 Transmetallation of Gd3+ is thought to occur mainly with Zn2+ 

because of its high blood concentration and high affinity for organic ligands, although it 
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is possible that Cu2+, Ca2+ and Fe3+ could also play a role in transmetallation.183  

Patients with renal failure have a higher risk of Gd release because of the impairment to 

excretion results in the Gd agents having a longer retention time in the body (healthy 

renal clearance from the system occurs in about 1.5 h).183,184 This was corroborated in 

2010, when Wadas et al compared the tissue clearance and retention of different Gd 

based contrast agents (Gd-DOTA, Gd-DTPA and Gd-DTPA-BMA - the constituents of 

Dotarem, Magnevist and Omniscan, respectively) in renally impared mice to their wild-

type counterpart.185 It was found that, regardless of the agent used, retention of the Gd 

contrast agent was significantly higher in mice with renal impairment. Tissue dependant 

metabolism results in release of Gd, more so for the linear Gd-DTPA and Gd-DTPA-

BMA that are less stable than macrocylic chelating ligands due to the weakly bound 

non-ionic amide carbonylic atoms.183-185  

In January 2016, the FDA announced that it was investigating the risk of brain deposits 

of Gd-based contrast agents following  repeated use.186 Several studies have indicated 

that Gd deposits in the brain are highly likely but interestingly, McDonald et al found 

that Gd accumulated in neuronal tissues in both renally impaired and normal patients 

who had undergone a minimum of four MRI scans using Gd-based contrast media.187 

The majority of gadolinium was deposited in the endothelial wall of the neuronal tissue 

but some was found in the neural tissue interstitium.187 However, the FDA stated that 

“no signs or symptoms of adverse health effects and no pathological changes have been 

associated with these gadolinium deposits in the brain” and currently no changes have 

been made to the manufacturers labels.186  

1.6.4. Other classes of MRI agent 

Chemical exchange saturation transfer (CEST) agents are an emerging class of imaging 

agent.163 A CEST agent is a system with one or more mobile protons in slow or 

intermediate exchange with water resonances, on irradiation they decrease the water 

signal as a result of the transfer of saturated magnetization from the exchangeable 

protons of the agent.188 They are described as a negative MRI contrast agent i.e. they 

make the target area darker than the surrounding tissue.  

Superparamagnetic Iron Oxide (SPIO) particles are another class of negative contrast 

agent but they are currently not in use clinically, nor are any in clinical development.189 
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In 2012, Dassler et al investigated whether SPIOs were sensitive enough for use in the 

clinical setting and concluded that visualisation of the accumulated SPIOs by MRI was 

unreliable because its signal detection sensitivity is limited, and therefore, it is 

unsuitable for clinical tumour imaging.189 

1.6.5. Conventional methods of calculating relaxation rates 

Aside from using an MRI scanner, there are other methods available to the calculate 

relaxivity. For example, a dedicated Field Cycling NMR relaxometer allows the 

obtainment of relaxation data over an extended range of Larmour frequencies. The 

resulting Nuclear Magnetic Relaxation Dispersion (NMRD) profile represents the field 

dependence of T1 or T2 by β0.
190 This method has been used in several groups.191–194  

Additionally, it is possible to calculate the water exchange kinetics for the inner-sphere 

exchange rate at the Gd centre using a variable temperature (VT) 17O NMR study 

examining the variation of either T1 or T2.
176,191,193,195 

Typically on an MRI system, an inversion recovery sequence is used to calculate 1/T1 as 

it allows nulling of the signal from one component due to its T1.
165 To the author’s 

knowledge, there has not been a comprehensive method presented in the literature for 

the calculation of T1 relaxation parameters using an inversion recovery sequence on a 

standard laboratory NMR spectrometer (400 MHz, 9.4T). Russ has previously presented 

relaxation data using a 400MHz, 9.4T Varian Inova system, but the experimental did 

not include the methodology, excluding key details e.g. the recovery sequence or the 

operating temperature.196 Methods have been developed previously for high magnetic 

fields (≤ 9.4 T) on MRI instrumentation and on standard instruments using a saturation 

recovery method but using this instrumentation and method has not been satisfactorily 

recorded.176,177,195 

1.6.6.  Aromatic sulfonamide MRI Imaging Agents 

pH mapping has been an active area of research because, as shown above, alterations in 

extracellular tissue pH accompanies several disease processes.197 Therefore imaging 

tissue pH would offer a generic method for detecting disease and response to 

treatment.197 It has been found that Gd(III)-based contrast agents can be used as pH 
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responsive probes. For example, it has been demonstrated that the inclusion of a 

sulfonamide into a macrocyclic ligand can produce a Gd(III) chelate with relaxivity 

dependent on pH due to a change in the hydration state (q) on the Gd (III) (Figure 28). 

Thus far, this effect has only been documented with β-arylsulfonamides.86 

 

Figure 28: β-arylsulfonamides chelated to Gd(III) can change the hydration state (q) upon 

changing pH, making them useful for pH mapping.86 

In 2010, Rami et al published a series of gadolinium based DOTA and TETA MRI 

contrast agents designed to target CA IX (Figure 29).81 They found that compounds 3B 

and 4B were the most effective inhibitors against CA IX and CA XII but were 

nonselective as they bound equally well to CA I and CA II. Compounds 3B and 4B 

were investigated against a control compound, 4-(2-aminoethyl)benzenesulfonamide, 

for the inhibition of extracellular tumour acidification in two cell lines, HT-29 and HeLa 

cells.81  It was shown that it was only in hypoxic conditions that the sulfonamides 

reduced the acidosis, as expected due to CA IX/XII overexpression, and inhibition was 

slight but significant (P < 0.01) reducing the acidosis by around 0.10-0.20 pH units.81 It 

was found that the complex 4B was the most effective against the HT-29 colorectal line, 

but 4-(2-aminoethyl)benzenesulfonamide was the most effective agent against the HeLa 

cell line.81 The relaxivity parameters and susceptibility values for 3B and 4B were also 

recorded. Interestingly, the longitudinal relaxivity was higher for the DOTA complex 

3B (3B r1 = 3.6 ± 0.2 and r2 = 12.7 ± 1.1 mM-1s-1 compared to 4B r1 = 3.2 ± 0.1 and r2 = 

21.8 ± 0.9 mM-1s-1).81 
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Figure 29: Gadolinium based contrast agents with an aromatic sulfonamide and DOTA or 
TETA reporter group to target CA IX.81  

To the author’s knowledge, these compounds have only been tested in the 

aforementioned cell lines and have never been taken forward for animal studies. 

1.7. Dual modality imaging agents 

MRI has a superior soft tissue contrast in comparison to other imaging modalities but it 

lacks sensitivity. Thus, high (0.01-0.1 mM) concentrations of agent are required to be 

delivered to the area of interest; it has been calculated that the visualisation of cells 

requires 107-109 metal chelates per cell.163 Opposing this is PET, with exquisite 

sensitivity only requiring nM concentrations of agent, but lacking contrast. To combine 

these two modalities would allow “the best of both worlds”. 

Hybrid imaging modalities were first introduced in 1988 with the first prototype dual 

modality PET/CT scanner.198 Hardware advances have resulted in improvement in 

diagnostic accuracy so that molecular imaging can be used for primary diagnosis. Due 

to greater engineering challenges, merging PET and MRI came later with the first 

commercial human MRI/PET (prototype) hybrid scanner introduced in 2007.198 Since 

its introduction, PET/CT has had a far reaching influence on diagnosis, management, 

therapy monitoring, and prognosis in cancer; allowing a more personalised care to 

patients, improve treatment decisions and help to decrease the cost of medical care in 

many situations.198 However, PET/CT is limited: the sequential collection of images can 

result in coregistration problems due to organ motion or breathing artefacts and 

additionally CT has low soft tissue contrast and introduces additional radiation 

exposure.199 It is expected that MRI/PET will continue the trend with MRI providing 

not only superior tissue contrast, but also additional safety benefits. 
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The first MRI/PET discrete dual modality imaging agent was introduced in 2010 in a 

landmark paper by Frullano et al.200,201 Using click chemistry, they attached an 18F 

isotope to a pre-labelled Gd-DOTA complex in aqueous conditions (Figure 30, 1). This 

agent was designed for quantitative pH imaging and showed that the complex had 

optimal relaxivity around pH 5.5-6.5.  

To create the correct ratio of Gd:18F, two complexes were prepared, one with the 

radioisotope and one without and the two were mixed to produce a low-specific-activity 

MRI/PET and MR/PET agent.200,201 This process of mixing one radiolabelled compound 

with one without a radiometal has become commonplace, as the relationship between 

the PET signal and the radiochemical concentration is linear, the unknown agent 

concentration can be determined by comparing the PET images to a series of 

standards.200  

Gianolio et al also designed an agent for pH mapping but they took a different 

approach. A pH sensitive sulfonamide-modified DOTA complex was metalated with 

either Gd3+ or Ho3+ (66Ho, t1/2 = 26.6 h) (Figure 30, 2).197 Assuming that both complexes 

would have identical pharmacokinetics, they proposed a simultaneous injection of the 

two complexes. As discussed previously, the incorporation of a sulfonamide may yield 

a Gd(III) chelate pH dependent by altering the hydration state of the sulfonamide. It was 

shown that in low pH, the complex showed higher relaxivity at pH 5 (7.8 mM-1s-1
,
 298 

K and 300 MHz) compared to at pH 8 (2.6 mM-1s-1, 298 K, 300 MHz).197 

In another recent paper by Gros et al, they conjugated a DOTA reporter group to a 

porphyrin ring (Figure 30, 3).161 Initially, the DOTA chelate was labelled with Gd(III) 

before incorporation of Cu2+ to the porphyrin. No radiolabelling was undertaken in this 

study.161  

In terms of hypoxia imaging, Suehiro et al radiolabelled a nitroimidazole based 

compound, trifluoromisonidazole (TFMISO) (Figure 30, 4) which previously has been 

monitored by magnetic resonance spectroscopy (MRS).203,204 Although not using a 

conventional MRI scanner, it has been shown that 19F-magnetic resonance spectroscopy 

can detect and trace similar nitroimidazoles to this.203 Radiolabelling of this compound 

was optimised so that it could be compatible with the short half-life of 18F. This 

molecule has not yet been tested in any in vitro or in vivo system to the best of our 

knowledge. 



                                                                                                                                                Chapter 1 

50 

 

 

Figure 30: Selected bimodal MRI/PET (SPECT) imaging agents with porphyrin, DOTA or 
TRAP reporter groups.197,201,202,203,204  
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Click chemistry has also been utilized to conjugate two DOTA reporter groups, one 

containing Gd3+, the other containing either Cu2+, Ga3+ or In3+ (Figure 30, 5). Suchý et 

al created two DOTA chelates, one bearing an azide and the other bearing an alkyne, 

linked to a tyrosine residue (for UV).201 Unusually, the “cold” metals for MRI and PET 

were included into the DOTA complexes before the click reaction occurred. 201 

Although this would prevent any unwanted copper chelation into the reporter group, this 

seems impractical if a “hot” radioisotope was to be used. Additionally, they found that 

the click reaction was exceptionally slow, even after heating at 70 °C (48 h). 201 This is 

unusual as the click reaction should progress in relatively mild conditions, but neither 

addition of copper sulfate and sodium ascorbate, nor increasing the temperature to 80 

°C appeared to speed up the reaction.201 The authors make no comment on the reason 

behind this, but it may be that there is interference from the metals or just that the large 

size of the molecule results in low movement in solution. After further optimisation of 

the click reaction including the incorporation of DMEDA, they found that for the 

Gd3+/Cu2+ heterometallic complex, the Cu2+ acted as an additional catalyst, pushing the 

reaction to completion.201 The Gd3+/In3+ optimised click reaction proceeded to 

completion but the Gd3+/Ga3+ reaction only had a 10% conversion after 1 h.201 Again no 

comment is made by the author, but they postulated that using a NOTA reporter group 

for the Gd3+/Ga3+ may improve this conversion.  

Interestingly, Suchý et al did compare the longitudinal relaxation rates of their 

complexes to that of a clinical MRI contrast agent, Dotarem (Figure 25) by calculating 

the NMRD (nuclear magnetic relaxation dispersion) profile.201 The shape of the curve 

showed that only one molecule of water exchanged with the Gd3+ centre for all 

complexes and that overall, the MRI sensitivity of all three compared well to 

Dotarem.201  

Notni et al designed and synthesized a new series of BFCs with phosphinic acid 

pendent arms for selective gallium chelation, two of which, TRAP and NOPO, are 

shown (Figure 31).205 Notni et al designed a dual modality agent for the chelation of 

Gd3+ and Ga3+ comprising three DOTA and one TRAP macrocycle (Figure 30, 6).202  

This molecule has been highlighted because it has been designed to prevent the 

undesirable exchange of Gd3+ and Ga3+. Ga3+ shows a strong selectivity to the TRAP 

macrocycle due to its smaller size. TRAP ligands can incorporate Ga3+ almost 

quantitatively (> 95%) at much lower ligand concentrations and, because of the low pKa 

of phosphonic acid moieties, it can be carried out in strongly acidic media.206 Therefore, 
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it was possible to label all three DOTA macrocycles with Gd3+ (an excess was used, any 

unchelated compound was then removed by using DTPA) and upon addition of Ga3+ 

under simple aqueous conditions, selective replacement of Gd3+ by Ga3+ occurred. This 

is caused by the relatively fast metal-exchange kinetics of TRAP complexes along the 

thermodynamic gradient, an unusual property for pendant-arm azamacrocycles.202 In 

line with this, no Gd3+-Ga3+ exchange was observed for the DOTA macrocycles. Notni 

et al did investigate the radiolabelled 68Ga complex and showcased PET/MRI images 

after a Winstar rat was injected with a mixture of the hot and cold complexes. This 

method is especially advantageous because it requires no conjugation of already formed 

Gd3+ complexes and does not require stepwise precursor deprotection.202 

 

Figure 31: NOPO and TRAP BFCs. 

NOPO ((1,4,7-triazacyclononane-1,4-bis[methylene (hydroxymethyl) phosphinic acid]-

7-[methylene(2-carboxyethyl) phosphinic acid]), has one arm available for conjugation 

as compared to TRAP (1,4,7-triazacyclononane-1,4,7-tris[methyl(2-carboxyethyl) 

phosphinic acid]) that has three. NOPO has an ideal cavity size to incorporate gallium 

and optimal octahedral coordination geometry to fully encapsulate the metal to afford a 

highly stable complex. The stability constant of the [Ga(NOPO)]- complex (log K = 

25.01) is higher than the Ga(DOTA) complex (Log K = 21.3).3,205 This macrocyle is 

relatively underexplored and to date, there are no imaging agents with the NOPO or 

TRAP reporter group to target hypoxia or CA IX. 

Since its introduction in 2007, there have been several agents that have been designed to 

target a variety of diseases and disease states using dual modality MRI/PET.199,202 By 

combining the “best of both worlds” it is easy to see how these agents could impact 

clinical medicine in the future. As the determination of hypoxia is such a critical 

parameter in determining the course of treatment for a patient, there is an obvious need 

for the development of dual modality imaging agents.  
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1.8. Summary and Research Aims 

Imaging tumour hypoxia is critical in cancer therapy and treatment planning as it 

provides enhanced, non-invasive means of monitoring hypoxia, an aggressive state of 

solid tumours detrimental to radiation and chemotherapy. Positron Emission 

Tomography (PET) and Magnetic Resonance Imaging (MRI) are clinically used 

imaging techniques that provide unique sensitivity and superior soft tissue contrast 

respectively and could be used to monitor tumour hypoxia. When used in combination 

MRI/PET can provide the “best of both worlds” approach. However, there is a lack of 

successful imaging agents, either direct or indirect, to target hypoxia that can be used 

with these methods. It is possible to target tumour hypoxia by using CA IX, an 

endogenous biomarker of tumour hypoxia, however, agents have failed when evaluated 

in vivo due to poor CA isozyme selectivity or metabolic and/or pharmacokinetic 

liabilities. Aromatic benzenesulfonamides are the classical CA IX inhibitors and have 

shown μM – sub-nM affinity to CA IX, even across inhibitors with significant structural 

alterations. Therefore, the fine-tuning of the in vivo stability and CA IX targeting by 

careful design may provide molecules as imaging agents with reduced off target binding 

(especially to cytosolic CA II the most problematic due to high levels in blood) and 

suitable in vivo properties.  

The project presented in this thesis is the first to design CA IX selective PET and MRI 

single and dual modality imaging agents that incorporate an aromatic 

benzenesulfonamide connected to a macrocyclic chelator with in vivo evaluation. 

In performing this study the following aims were set: 

1. To design and synthesise a series of DOTA based imaging agent precursors for MRI 

and PET that target CA IX (Generation I agents). To design and synthesise a series 

of NOPO imaging agent precursors for PET that target CA IX (Generation II 

agents). To design and synthesise a series of bimodal symmetrical DOTA/DOTA or 

unsymmetrical DOTA/NOPO imaging agent precursors for dual modality MRI/PET 

imaging that target CA IX (Chapter 2). 

 

2. To optimise the labelling and radiolabelling of Generation I agents with Gd, natGa 

and 67Ga and investigate the structure activity relationship (SAR) and structure 

property relationship (SPR) with respect to in vitro enzyme inhibition and 
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toxicology. To optimise the radiolabelling of Generation II complexes with natGa 

and 67Ga (Chapter 3). 

 

3. To investigate the r1 relaxivity of a selected lead Gd labelled compound using a 

standard laboratory spectrometer, in solution and in vitro. To investigate the r1 

relaxivity on a MRI scanner and to assess their suitability as contrast agents in vivo 

(Chapter 4). 

 

4. To optimise the radiolabelling of a lead imaging agent precursor with 68Ga and to 

assess its imaging capabilities of CA IX expression in vivo using PET imaging 

(Chapter 5).  
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2.1 General Overview 

Molecular imaging is proven as a powerful method of diagnosing and monitoring 

cancer progression and treatment.1 The clinical modalities Positron Emission 

Tomography (PET) and Magnetic Resonance Imaging (MRI) have emerged as two of 

the most powerful imaging techniques based on their exquisite sensitivity and superior 

soft tissue contrast, respectively, and in combination can provide “the best of both 

worlds”.2,3 MRI/PET was first introduced in 2007 but currently there is a lack of 

investigational bimodal imaging agents available that can support this imaging 

technique.  

Tumour hypoxia is a negative prognostic factor associated with radio-and chemo-

therapy resistance.4–7 Therefore, determining hypoxia is critical to therapy and treatment 

planning in oncology. The increasing interest in the use of molecular imaging to 

monitor hypoxia has resulted in a need for selective imaging agents with a high stability 

in vivo. Tumour hypoxia may be indirectly imaged via the downstream product of HIF 

activity, carbonic anhydrase IX (CA IX), considered an endogenous biomarker of 

tumour hypoxia.8–16 Aromatic primary sulfonamides are the classical small molecule 

CA inhibitors and their structural and physicochemical properties may be effectively 

modulated to develop compounds with selectivity and strong nM binding for CA IX 

over other CAs.17,18  

In this chapter, the design and synthesis of single modal precursor imaging agents 

(Generation I and Generation II) and bimodal imaging agents (Generation III) targeting 

CA IX using PET and/or MRI is described. Metal insertion and preliminary 

radiolabelling of these complexes is discussed later (Chapter 3). 
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2.2 Generation I single modal precursor agents for PET or MRI 

Generation I single modal precursor imaging agents were designed to comprise a 

common set of structural components: (i) a CA IX targeting group; (ii) a triazole, to act 

as convenient linking point; and (iii) a DOTA macrocycle reporter group for metal 

chelation (Figure 32). In addition to the common components each agent comprised a 

variable linking chain (iv), to allow the exploration and fine-tuning of pharmacokinetic 

properties. 

 

 

 

 

Figure 32: Structural components of Generation I single modal imaging agents for CA IX. 

i) CA IX targeting group – A benzenesulfonamide moiety was selected as the CA IX 

targeting group for Generation I agents. Aromatic primary sulfonamides (Ar-SO2NH2) 

are the classical small molecule carbonic anhydrase inhibitors (CAIs) that bind with 

high affinity to the active site of CA IX. It has been shown that several structural 

modifications can be made to the “tail” of the aromatic sulfonamide compound and the 

CA inhibition is retained.19  

ii) Triazole - Copper catalysed azide alkyne cycloaddition (CuAAC – “click chemistry”) 

was selected for the synthesis of Generation I targets because of its outstanding 

properties when evaluation of SAR is required. These properties include the modular 

nature of the reaction to readily mix-and-match components with wide substrate scope 

and high reaction yields without offensive byproducts.20 Additionally, the 1,2,3-triazole 

formed may play an important role as a chemically robust amide bond bioisostere 

capable of hydrogen bonding to the target protein.19,21 CuAAC has already been utilized 

widely and successfully for the “tail approach” to develop CAIs.22  
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iii) Reporter group - DOTA is able to chelate a range of metals with high affinity to 

allow both MRI and PET imaging agents to be prepared from a common parent 

compound.  DOTA has been used for several prominent gadolinium based MRI imaging 

agents currently in clinical use and has previously shown success for gallium based 

radiopharmaceuticals.23,24 

iv) Linking chain - To reduce off-target binding to other CA isoforms, it is important to 

fine-tune the pharmacokinetics of agents. This may be accomplished by changing the 

linking chain between the reporter group (iii) and the triazole (ii). Hydrophilicity has 

been highlighted as a key property to limit cell membrane permeability and minimise 

binding to off-target CA II present in the cytosol.  

A panel of four agents with variable linking chains were initially proposed based on 

precursor compounds 1-4 (Figure 33). The synthesis of these precursors is described in 

this chapter, while the insertion of the PET or MRI radio/metal into the precursors is 

described in Chapter 3. 

 

Figure 33: Precursors of Generation I agents incorporating a common CA IX targeting 
group, triazole, and reporter group with a variable linking chain. 

2.2.1 Retrosynthetic analysis 

The modular design of Generation I single modal imaging agents allows the compounds 

to conceivably be constructed via several different synthetic routes. The retrosynthetic 

analysis of the most successful approach is shown (Scheme 1) but a number of synthetic 

1 2 

3 4 



                                                                                                                                                Chapter 2 

84 

 

routes were investigated in this project (discussed later). The synthetic route of Scheme 

1 employs a combination of readily available starting materials and straightforward 

chemistry known to proceed in high yields, including CuAAC, palladium catalysed 

Sonogashira cross-coupling, SN2 reactions and azidation. These attributes are a key to 

maximising the potential for generating sufficient quantity of product to subsequently 

explore the incorporation of different metals and prepare material for preclinical 

evaluation of the agents. Generation I agents include three variable linking moieties. As 

linkers, complementary end functionality is necessary to covalently link to the aromatic 

sulfonamide and reporter group structural components. Linking to the aromatic 

sulfonamide was achieved via CuAAC, while SN2 chemistry using a bromoacetamide 

was used to link to the DOTA reporter group. 

Scheme 1: Retrosynthetic analysis of Generation I agents where T represents the triazole 
and R is either an azide or an alkyne 
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An alternative synthetic approach utilized in the literature for gadolinium and 

luminescent lanthanide complexes was also considered and is outlined in Scheme 2. The 

DO3A tBu ester groups are deprotected in acidic conditions, the metal of choice inserted 

and conjugation of the enzyme targeting group achieved in the final synthetic step 

(Scheme 2).25–28 This pathway is attractive as it may be utilized when the target 

compound contains acid sensitive groups that are not compatible with the conditions of 

acidic deprotection of the tBu esters. This approach has also been employed for 

synthesis of bimodal agents, when two different radio/metals are required,29 as it 

reduces transchelation and provides a modicum of control of the final metal ratio. As 

CuAAC necessitates use of a copper catalyst, early incorporation of the needed metal 

ion as per Scheme 2 may reduce opportunity for downstream off-target metal chelation 

complications caused by copper reagents. The approach in Scheme 2 is unsuitable for 

the synthesis of our precursor imaging agents, due to the short half-life of the 

radionuclides, insertion prior to conjugation is not feasible and therefore other routes 

were investigated. 

Scheme 2: One synthetic approach for DOTA based Gd imaging agents proceeds via 
metal insertion prior to conjugation of enzyme targeting group. 
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2.2.2. Results and discussion 

2.2.2.1  Synthesis of CA IX targeting groups  

4-Azidobenzenesulfonamide (5) and 4-ethynylbenzenesulfonamide (9) were prepared 

from sulfanilamide according to literature procedures, while the extended 4-(octa-1,7-

diyn-1-yl)benzenesulfonamide 7, a novel compound, was prepared by modifying the 

methodology used to synthesise alkyne 9.30–32 

Scheme 3: Synthesis of the CA IX targeting group of Generation I imaging agents, 
aromatic primary sulfonamides 5-9. 

 

 

Diazotation of commercially available sulfanilamide under standard conditions (NaNO2, 

HCl), followed either by addition of NaN3 gave target azide 5*, or by the addition of KI 

gave the iodobenzene sulfonamide 6 precursor needed to synthesise the target alkyne 

compounds 7 and 9. To synthesise the TMS protected intermediate 8 both 

tetrakis(triphenylphosphine)palladium(0) and bis(triphenylphosphine) palladium (II) 

dichloride catalysts (0.02 equiv) in the presence of CuI (0.05 equiv) were investigated 

as catalysts in the Sonogashira reaction of 6 with ethynyltrimethylsilane, yet no 

significant difference was observed for either catalyst. Subsequent removal of the TMS 

                                                 
* Prepared by Dr. Rajendra Tanpure. 
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group of 8 with potassium carbonate (0.5 equiv) in methanol gave the target aromatic 

sulfonamide 9. 

To limit dimerization in the synthesis of the octadiyne derivative 7, an excess of 1,7-

octadiyne relative to the iodo precursor 6 was employed. Despite the excess reagent 

(2.5-10 equiv), at a reaction temperature of 40 °C the conversion to product was 

incomplete and several side products formed, while increasing the reaction temperature 

to 60 °C lead to the rapid formation of dimers, still without complete consumption of 

the starting material. It was possible to isolate the desired product when the reaction was 

carried out on a small scale (~ 50 mg), but when carried out on a preparative scale 

(~300 mg) the desired product could not be isolated in reasonable quantities due to 

difficulties with side product formation. 

With azide 5 and alkyne 9 in hand the synthesis of the three of the four Generation I 

target agents, 1, 3 and 4 was carried forward. The further elaboration of 7 to synthesise 

target agent 2 was not continued as the low yield of 7 reduced the prospects of this 

target agent progressing. 

2.2.2.2  Synthesis of variable linking chains  

Three different linking chains (10-12), varying in chain length and hydrophilicity, are 

required to synthesise the target agents 1, 3 and 4 (Figure 34). The calculated Log P 

(cLog P) of a compound is indicative of a compounds lipophilicity/hydrophilicity. 

Linking chain 12, with a cLog P < 0 (cLog P = -0.09), is predicted to be the most 

hydrophilic of the linkers and as previously discussed, an increased hydrophilicity is 

advantageous for improving CA IX specificity. 

 

 

Figure 34: Variable linking chains investigated for the formation of Generation I imaging 
agents. Log P values were calculated using Marvinsketch 6.1.0 

Linking chain 2-bromo-N-2-propyn-1-yl-acetamide (10) was prepared from 

propargylamine and bromoacetyl bromide (3.3 equiv) in DCM using NaOH as base but 

the reaction proved capricious with variable yields (3-57%) (Scheme 4).25 An improved 

10 

Log P = 0.14 

 

11 

cLogP = 0.11 

 

 

12 

cLogP = -0.09 
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yield was observed upon increasing the concentration of base from 2.0 equiv → 3.0 

equiv (22 → 57%). The reaction was also carried out in DMF with Et3N (3 equiv) but 

did not improve the conversion (36%). 

Scheme 4: Synthesis of linking chain 10 

 

 

Linking chain N-(3-azidopropyl)-2-bromo-acetamide (11) was initially prepared from 3-

chloropropylamine hydrochloride and bromoacetyl bromide according to a literature 

procedure (Route A, Scheme 5).33 The intermediate 3-azido-1-propanamine (13) was 

recovered in variable yields due to loss of compound related to inherent volatility.33 

This difficulty in product recovery was circumvented by production instead of the 3-

azido-1-propanamine as its hydrochloride salt, 14 (Route B, Scheme 5) and an in 

improved yield (up to 77%) was obtained. The subsequent reaction of 14 with 

bromoacetyl bromide was optimised by controlling the basicity of the reaction, with 

linker 11 produced in high yield.25 

Scheme 5: Approaches to the synthesis of linking chain 11 

 

 

The third linking chain for the Generation I compounds, 12, was prepared starting from 

tetraethylene glycol (Scheme 6). Mesylation of tetraethylene glycol with mesyl chloride 

(2.2 equiv) followed by reaction with NaN3 (2.2 equiv) gave the bisazide intermediate, 

1,11-diazido-3,6,9-trioxaundecane (15) in good yield (67-74%). Monoreduction of 15 

using triphenylphosphine (1.1 equiv) in acidic conditions gave the monoamine 11-

10 

57% 

 

11 

94% 

13 

54% 

14 

77% 
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azido-3,6,9-trioxaundecanamine intermediate (16).34 Subsequent reaction with 

bromoacetyl bromide (3 equiv) with 16 was completed as described above for linking 

chain 12 and proceeded in good yield (76%).25 

Scheme 6: Synthesis of linking chain 12 

 

 

2.2.2.3  Triazole synthesis 

The components of the Generation I imaging agents were deliberately designed to allow 

a modular synthesis that can, in principle, be achieved through several different 

pathways. CuAAC allowed for the modular synthesis to combine the azide and alkyne 

functionalised components of these agents. 

A synthetic route that would result in straightforward purification without copper 

contacting the DOTA reporter group was investigated (Scheme 7). Here the 

azide/alkyne functionalised linking chains 10-12 are first reacted with the alkyne/azide 

complementary CA IX targeting groups 5 or 9 using CuAAC, then the triazole product 

purified to remove trace copper before conjugation to the DO3A tBu ester 25 via SN2 

substitution. 
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Scheme 7: Synthesis route to 20-22 

 

The reaction of linking chains 10-12 to the CA IX targeting components 5 and 9 using 

CuAAC is shown (Scheme 8).35 For CuAAC, copper sulfate and sodium ascorbate are 

commonly utilized to generate the catalytic Cu(I) in situ. Sodium ascorbate acts a water 

soluble in situ reducing agent, this indirect production of Cu(I) eliminates the need for 

inert atmospheres and solvents.35 

Scheme 8: Reaction of linking chains 10-12 with the CA IX targeting components 5 and 9 
using CuAAC 
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The CuAAC reaction conditions were optimized by altering the relative equivalents of 

CuSO4: Na ascorbate (0.2:0.4 → 0.4:0.8), reaction temperature (40-60 °C) and solvent 

(tBuOH/EtOH). Compound 17 was isolated via filtration and 18-19 were isolated and 

purified by flash column chromatography (DCM/MeOH or EtOAc/MeOH). However, 

copper contamination of the resultant compounds was observed as indicated as a strong 

blue colour, even after purification. 

Alternative methods to generate Cu(I) in situ were investigated as a possible way to 

reduce residual copper contamination of products. These alternatives included (among 

others): using a microwave reactor, using copper powder, using a “CuI@A-21” catalyst 

and/or supplementing the reaction with accelerating ligand tris-(benzyltriazolylmethyl)- 

amine (TBTA).  

2.2.2.3.1 Microwave irradiation 

Microwave irradiation can reduce reaction times and this has been reported with 

CuAAC.36,37 In 2008, Lucas et al demonstrated that their click chemistry reactions 

could be carried out using only 0.06 equivalents of CuSO4•5H2O at 80 °C in 3 min.38 

The use of microwave irradiation was investigated but increased degradation and side 

product formation was observed and this pathway was not continued. 

2.2.2.3.2 Copper powder 

An alternative catalyst for CuAAC to standard CuSO4/sodium ascorbate for CuAAC is 

copper powder.17,39 Using copper powder is advantageous as it can provide easier 

purification as the majority of the copper can be removed via filtration but lower yields 

and longer reaction times are common.17,39 Linking chain 10 (1.2 equiv) and 4-

azidobenzenesulfonamide (5, 1 equiv) were combined with variable amounts of copper 

powder. A higher yield of triazole product 17 was obtained compared to the 

CuSO4/ascorbate system (67-80% compared to 34-64%) under otherwise similar 

reaction conditions. After optimisation of the concentration of Cu powder, temperature, 

reaction time and investigating pre-washing of the copper powder to activate it, the 

triazole products 17-19 were obtained in reasonable yields (80%, 66%, 75%, 

respectively). Despite successfully forming the target triazole products, the use of 
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copper powder in place of CuSO4 did not eliminate the copper contamination of the 

products. 

2.2.2.3.3  CuI@A-21 catalyst 

In 2014, Wu et al reported the first example of a recyclable and reusable solid supported 

Cu(I) catalyst, CuI@A-21.40 Although Wu et al noted residual copper present in the 

CuAAC reaction products, it was low (< 260 ppm). CuI@A-21 was prepared according 

to the literature from Amberlyst® A-21 resin and CuI, with a resultant copper loading 

of 0.26 mmol CuI.g- according to literature.140† Copper contamination using CuI@A-21 

was still observed and therefore this route was not continued. 

2.2.2.3.4 Tris-(benzyltriazolylmethyl)amine (TBTA) 

The use of polytriazoles such as tris-(benzyltriazolylmethyl)amine (TBTA)  to aid 

CuAAC conversions by acting as an accelerating ligand is described in the 

literature.35,41 TBTA was synthesized from benzylazide (23) and tripropargylamine 

using literature procedures.42,43 Benzylazide (23) was synthesized from aniline via 

diazotation in acidic conditions (Scheme 9) but consistently low yields were obtained (< 

10%).44 An alternative synthetic pathway was investigated starting from benzyl 

bromide, either in DMSO with NaI (4.2 equiv) and NaN3 (4.2 equiv) or in 1:3 

H2O:Acetone with NaN3 (2 equiv).45,46 Despite both being successful methods to 

prepare 23, the conditions using acetone were preferred as they bypassed the use of 

DMSO and required lower amounts of reactants. The target azide 23 was obtained in 

high yield (quantitative).  Reaction of 23 with tripropargylamine afforded TBTA in 99% 

yield, Scheme 11. 

 

 

 

 

 

                                                 
† Supplied by Dr. Jeremy Kintigh, Poulsen group. 
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Scheme 9: Synthesis of polytriazole ligand TBTA 2442–45  

 

Click chemistry reactions supplemented with TBTA were performed with up to a 20 

fold reduction of CuSO4 (0.01 equiv instead of 0.2 equiv in the reaction between 9 and 

12). This substantial reduction in quantity of copper made it the method of choice for 

subsequent CuAAC reactions.  This procedure was optimised for 18 and 19 by 

modifying the solvent (EtOH or DMSO/H2O, 2:1), reaction time (5-18 h) and 

temperature (40-60 °C).  Synthesis with this approach reduced the amount of copper 

contamination in the product but did not completely eliminate the problem, as observed 

by the blue/green colour of the product when carried forward onto the next synthetic 

step. Effectiveness of the catalyst decreased over time (> 3 months), however, it is 

easily synthesised from readily available precursors. 

Upon examination of the product structures, it was postulated that the flexible linkers 

together with the triazole moiety may stabilise the copper ions as shown for the PEG-

triazole compound 19 where a stable crown ether-like structure (Figure 35), forming 

5/6-membered chelate rings is a possibility. Crown ethers are known chelators of 

Cu2+.47  

 

Figure 35: Possible crown ether-like structure of PEG-triazole compound 19 with Cu2+. 

23 

76% 

 
24 

99% 
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2.2.2.4  Approaches to remove trace copper 

In parallel to investigating alternative copper catalysts for CuAAC described above with 

classical flash column chromatography and/or RP-18 column chromatography 

purification, a number of alternate methods to remove copper during product 

purification were investigated including:, use of a commercial Cu ion remover, 

Cuprisorb™; precipitation of copper ions using sodium sulfide (Na2S); use of an ion-

exchange resin and washing with a saturated EDTA solution. 

Removal of copper using flash column chromatography, RP-18 column 

chromatography and Cuprisorb™ were unsuccessful. The ion exchange of Na2S with 

free Cu ions to form water insoluble CuS has been widely reported in the literature as a 

method of removing residual copper ions.48–52 Copper ions could in principle be 

removed from CA IX targeting-linker precursors 17-19 prior to conjugation to DOTA 

25. However in practice this approach proved incompatible with in our system as Na2S 

caused a side reaction, the formation of the bridged sulfur dimer by substitution of the 

bromine in the linking chain (Scheme 10).53,54 This dimerization is known in the 

literature for simple halogenated compounds53,54 but to confirm that this thioether was 

the product formed upon Na2S treatment of 19, the dimer was isolated and reacted with 

m-CPBA in DCM and the formation of the oxidised product confirmed by MS.  

Scheme 10: Formation of sulfur bridged dimer after Na2S treatment of 19 and 
corresponding oxidised product after m-CPBA 

 

Next transchelation of copper to EDTA was investigated. Cu2+ has a relatively small 

ionic radius, of between 57-73 ppm and for coordination numbers between 4-6, it is 

excellent at forming 5-membered chelate rings; indeed the chelate effect is epitomized 

in its ethylenediamine family of complexes such as EDTA.55a Cu(II)-EDTA is a 

tetragonally-distorted N2O4 octahedron along one O-Cu-O axis (Figure 36). Copper 

19 
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removal was accomplished by washing the triazole products 17-19 in organic solvent 

with a basic EDTA solution (EDTA 1.0 M in ammonium hydroxide 28.0-30.0% NH3 

basis) solution.55b 

 

Figure 36: EDTA and EDTA-Cu complex. Crystal structure available from Wadas, 2010.44  

The modifications to the reaction conditions and the additional purification steps, 

resulted in a reduced yield of 18 (18%) and 19 (40%) as compared to the standard click 

chemistry conditions described above, however, the removal of copper was necessary 

for this synthesis to proceed. 

2.2.2.5  Synthesis of precursor compounds 1-4 

SN2 substitution of the bromine of 17-19 with the free amine of 25 (1.2 equiv) was 

completed in the presence of K2CO3
 (1.2-1.3 equiv) in MeCN under anhydrous 

conditions to give the tBu-protected compounds 20-22 in reasonable yields (Scheme 

11). Subsequent treatment of compounds 20-22 with either formic acid or TFA/DCM 

(1:1) removed the tBu protecting groups to provide the non-metalated imaging agent 

precursors, 1, 3-4 in high yield. 
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Scheme 11: Synthesis of the DOTA complexes 1-4 from the SN2 reaction of 25 with 17-19 

 

2.2.2.6  Design and Synthesis of Generation I Control compounds 

A similar methodology was applied to prepare two control compounds with variable 

linking groups 11 or 12 but with the CA IX targeting benzenesulfonamide group 

replaced by a phenyl moiety (lacks the primary sulfonamide functional group to prevent 

CA IX targeting). CuAAC with TBTA was carried out with phenylacetylene and either 

linker 11 or 12. The reactions proceeded in moderate yield to give 26 (24%) and 27 (32-

65%). Conjugation to the DO3A t-butyl ester 25 was completed to give the protected 

compounds 28 and 29 in moderate yields (39% and 69% respectively) (Scheme 12). 

Deprotection of the t-Butyl ester groups can be carried out immediately prior to metal 

incorporation. 
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Scheme 12: Synthesis of tBu protected control complexes 28 and 29 from 26-27 

 

2.2.3 Summary – Synthesis of Generation I Precursors 

In summary, based on the investigations described above the combination of the 

accelerating ligand TBTA to reduce the quantity of copper needed for triazole synthesis 

with a basic EDTA solution (EDTA 1.0 M in ammonium hydroxide) to remove trace 

copper from the triazole products were the optimal conditions to produce the target 

triazole products 17-19. One negative consequence of using this synthesis/purification 

combination was that yields were lowered due to the increased number of purification 

steps. This method did provide the required compounds 17-19 in sufficient quantity and 

purity to complete the synthesis of Generation I precursor compounds 1-4. 

  

A 26 (24%) 

B 27 (32-65%) 

A 28 (39%) 

B 29 (69%) 
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2.3 Generation II single modal precursor agents for PET  

As described in the introduction, the NOPO ((1,4,7-triazacyclononane-1,4-

bis[methylene(hydroxymethyl) phosphinic acid]-7-[methylene(2-carboxyethyl) 

phosphinic acid]) macrocycle was first introduced in 2012 by Notni et al as a selective 

gallium chelator.56 The stability constant of the [Ga(NOPO)]- complex (log K = 25.01) 

is higher than the Ga(DOTA) complex (Log K = 21.3).55,56 This increased stability is 

postulated to further minimize radiolabel release in vivo, thereby reducing 

transchelation and consequently the formation of any Ga(III)-transferrin complexes. The 

characteristics of NOPO that lead to this improved stability include an ideal cavity size 

to incorporate gallium and the provision of optimal octahedral coordination geometry to 

fully encapsulate the metal to afford a highly stable complex. 

 

A second generation of PET precursor imaging agents were designed to incorporate the 

NOPO reporter group. Generation II agents comprise similar structural core components 

as the Generation I agents described above: (i) a CA IX targeting group – an aromatic 

sulfonamide; (ii) a variable linking chain presented with or without a triazole, to fine-

tune pharmacokinetic properties; and (iii) a NOPO reporter group for selective gallium 

chelation (Figure 37).  

 

 

 

Figure 37: General structure of single modal NOPO imaging agents for PET. 

Three precursors to Generation II target compounds were initially proposed (30-32, 

Figure 38). The synthesis of these precursors is described next, while the insertion of 

the PET radio/metal to the precursors is described in Chapter 3. 
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Figure 38: Target NOPO based precursor CA IX targeting agents. 

2.3.1 Retrosynthetic analysis 

The retrosynthetic approach to the synthesis of the NOPO precursor agents although 

similar to that described for the DOTA precursor agents (Scheme 1) proceeds with the 

notable difference that the final conjugation step is an amide coupling in place of the 

SN2 substitution for Generation I compounds (Scheme 13).  

 

4-ethynylbenzenesulfonamide (9) was synthesized as per Section 2.2.2.1. Two agents 

that comprise of a 1,2,3-triazole that can be incorporated via click chemistry (CuAAC) 

in the synthetic pathway are proposed. 1,2,3-triazoles are advantageous anchoring point 

and have favourable pharmacokinetic properties as previously described. The structural 

similarities between NOPO precursor agents 31 and 32 to DOTA precursor agents 3 and 

4 will allow us to compare inherent properties such as radio/labelling ease, ease of 

synthesis and compare their potential as PET imaging agents. 4-(2-

Aminoethyl)benzenesulfonamide (4-AEBS) was chosen as the third linking chain as it 

is commercially available, has been characterised in MRI contrast agents designed 

previously with the potential to target tumour hypoxia57 and provides a cheap 

alternative to optimize reaction conditions.  
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Scheme 13: Retrosynthetic analysis of NOPO single modal imaging agents 

 

2.3.2 Results and discussion 

2.3.2.1  Synthesis of CA IX targeting-variable linker components 

Three different CA IX targeting-variable linker components (37, 38 and 4-AEBS), 

furnished with a primary amine are required to synthesise the Generation II target 

agents. 4-AEBS is commercially available while CA IX targeting-variable linkers 37 

and 38 can be prepared from previously synthesized variable linking chain precursors 

11 and 12 (see section 2.2.2.2) used for Generation I compounds (Scheme 14). Tert-

butyloxycarbonyl (Boc) protection of the primary amine of 11 and 12 to generate the 

intermediate compounds 33 and 34 was carried out via a modified literature 

procedure.58 Boc anhydride (1.1 equiv) in 1,4-dioxane was combined with 11 or 12 in 

H2O at rt and allowed to stir overnight. The resultant compounds were isolated in high 

yield following base extraction and purification via flash column chromatography, 33 
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(85%), 34 (94%). CuAAC with the CAIX targeting aromatic benzenesulfonamide 6 to 

give the triazole intermediate was carried out as described for Generation I compounds 

(2:1 DMSO: H2O with TBTA (0.01 equiv), CuSO4 (0.01 equiv) and sodium ascorbate 

(0.1 equiv)) to produce the desired 1,4-disubstituted-1,2,3-triazoles 35 and 36 in 

moderate to high yields 35 (52%) and 36 (86%). The removal of the Boc protecting 

group by 1:1 TFA/DCM gave amines 37 and 38. The TFA was removed in vacuo and 

the crude material subjected to a cycle of washes in aqueous solvent to remove any 

remaining trace acid. The resultant compounds were purified by normal or reverse 

phase flash column chromatography to produce the target compounds in moderate to 

high yield, 37 (100%), 38 (84%).  

Scheme 14: Synthesis of CA IX targeting-variable linker components 37 and 38 for 
generation II imaging agent precursors 

 

2.3.2.2 Synthesis of macrocycle 42 from N, N'-Bis(2-hydroxyethyl) 

ethylene diamine 

42 can be prepared from N, N'-Bis(2-hydroxyethyl) ethylene diamine (Scheme 15). 

N,N'-Bis(2-hydroxyethyl) ethylene diamine was combined with DMAP 

(dimethylaminopyridine, 4 equiv), Et3N (9.2 equiv) and TsCl (4.4 equiv) at 0 °C in 

anhydrous DCM and allowed to stir overnight at rt to give the target intermediate 39. 
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Anhydrous solvent and the concentration of DMAP proved critical for the complete 

tosylation of this compound, otherwise formation of the bistosyl product 40 (18%) was 

observed. Purification was attempted by recrystallization59, but it was found that flash 

column chromatography60 (EtOac/Hexane 2:3 → 100% EtOAc) afforded better yields 

of the target intermediate 39 (81%). The cyclized intermediate 41 was synthesized by 

the SN2 substitution of the tosylated compound 39 by benzylamine (1.8 equiv) under 

basic conditions (K2CO3, 2.2 equiv) in MeCN. Compound 41 was isolated by flash 

column chromatography in moderate yield (60%, 1:3 EtOAc/Hexane). Complete 

deprotection of the tosyl groups to generate 42 was afforded by heating the cyclized 

intermediate 41 at 100 °C overnight in sulfuric acid. The presence of sulfuric acid 

created great difficulty in the isolation and purification of 42. To circumvent the use of 

sulfuric acid several different reaction conditions for the detosylation were investigated 

(6M HCl/ MeOH; Conc. HCl 115 °C, overnight; CsF celite® catalyst61 and 

Mg2+/MeOH62) but consistently low yields or unclean compounds were obtained, even 

after purification. 

  

Scheme 15:  Synthesis of 1-benzyl-1,4,7-triazacyclononane 42 from N,N'-Bis(2-
hydroxyethyl) ethylene diamine 

 

 

2.3.2.3  Synthesis of macrocycle 42 from TACN 

1-benzyl-1,4,7-triazacyclononane (42) was prepared in high yield from commercially 

available TACN (1,4,7-triazacyclononane) according to literature procedures (Scheme 

16).63–65 Treatment of TACN with DMF-DMA (N,N-Dimethylformamide dimethyl 
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acetal) in chloroform/toluene (1:6.25) afforded the protected intermediate 43 which was 

isolated in high yield (> 85%). Subsequent reaction of 43 with benzyl bromide in THF 

gave the benzylated bromine salt 44 that was isolated in high yield (> 80%) following 

vacuum filtration of the reaction mixture. Deprotection of the bridging methyl of 44 in 

6.0 M HCl/MeOH (1:1) at 95 °C afforded crude, 42. Purification was achieved after 

washing with aqueous NaOH and extraction into the organic phase followed by reverse 

phase (RP-18) flash column chromatography. Low yields (< 40%) were obtained as a 

significant portion of 42 remained in the aqueous phase after washing. Alternative 

organic solvents (EtOAc/DCM/CHCl3) were investigated for the extraction and the 

conditions optimised but a significant amount of product still remained in the aqueous 

layer. In order to overcome this problem, two alternative work-ups to bypass the 

extraction step were investigated. Firstly, the solvent was removed in vacuo and co-

evaporated with H2O (3×) prior to RP-18 column purification and the target compound 

42 was successfully isolated as the hydrochloride salt (> 91%). Alternatively, the crude 

material can be purified following a procedure by Roger et al,66 the solvent was 

evaporated under reduced pressure and the hydrochloride salt resuspended in CHCl3 and 

sonicated (20 min). The 1-benzyl-1,4,7-triazacyclononane hydrochloride salt was 

isolated by vacuum filtration, redissolved in H2O and neutralised with anion-exchange 

resin (Amberlyst® A-21) (~2 h). Once neutralised, the solution was filtered and the H2O 

removed in vacuo. Compound 42 was found to be extremely hydroscopic and complete 

removal of H2O was not achieved (> 100% yield). However, this method was quick, 

convenient and afforded 42 without requiring further purification. 

Scheme 16: Synthesis of 1-benzyl-1,4,7-triazacyclononane 42 from triazacyclononane, 
TACN 

 

 

2.3.2.4  Synthesis of the NOPO macrocycle reporter group 

NOPO ((1,4,7-triazacyclononane-1,4-bis[methylene (hydroxymethyl)phosphinic acid]-

7-[methylene(2-carboxyethyl)phosphinic acid]) was prepared according to literature 

procedures by from 42 via a Moedritzer-Irani (Mannich-type) reaction (Scheme 17).56,67 
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The use of acid washed glassware (4.0 M HCl) for synthesis was employed where 

possible to remove any residual metal contaminants. It was found that the synthesis of 

42 to 46 must be carried out on a preparatory scale (> 1 g) to afford reasonable yields. 

Altering the purification methods and reaction conditions for steps 3 (dehydrogenation 

of 46 to 47) and 4 (47 to 48) were investigated but did not surpass the original 

conditions explored.56  

Scheme 17: Synthetic route to NOPO 48 from 1-benzyl-1,4,7-triazacyclononane 42 

 

 

 

Compound 42 was suspended in 50% aq H3PO2 (10 equiv) with paraformaldehyde (2.5 

equiv) and water and the intermediate 45 obtained after 12 h. Compound 45 was 

purified on Dowex® 50, H+-form and then resuspended in 6.0 M HCl and 

paraformaldehyde (4.5 equiv) and refluxed for 5 h to synthesise intermediate 46. Crude 

46 was purified via flash column chromatography (MeCN/MeOH/aq NH3 (2:1:3) or 

(6:3:1)) and the purity of each chromatography fraction assessed by 31P NMR 

spectroscopy. Pure fractions were combined with 46 was isolated moderate yield (66%), 

similar to that reported in the literature (46%). 

Dehydrogenation to remove the benzyl group of 46 was undertaken in H2O with 10% 

Pd/C under H2 followed to give the crude debenzylated product 47 in high yield. 

Attempts to purify 47 using either RP-18 or normal phase flash column chromatography 
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resulted in significant product loss, hence 47 was carried forward to the next step as the 

crude product. 

(2-carboxyethyl)phosphinic acid (50) was prepared from ammonium hypophosphite (1 

equiv), hexamethyldisilazane (1.6 equiv) and t-butyl acrylate (0.7 equiv) via a 

carboxylic ester intermediate (49) (Scheme 18). On storage of 50 the formation of the 

dimer 51 was observed, both by MS and 1H NMR hence, the compound integrity was 

confirmed by 1H NMR spectroscopy prior to use.  

Scheme 18: Synthetic route to 2-(carboxyethyl)phosphinic acid 50. Dimer 51 formed on 
prolonged storage of 50 

 

The NOPO macrocycle 48 was obtained directly from the reaction of macrocycle 47 

with phosphinic acid arm 50 (2.2 equiv) and paraformaldehyde (6 equiv) in 6.0 M HCl. 

Purification was carried out on a Dowex® 50, H+-form and the compound eluted with 

water. Purity of each fraction was assessed by 31P NMR spectroscopy and positive 

fractions combined and dried. Notni et al note that drying over P2O5.NOPO•0.6 H2O 

instead of lyophilisation increased the yield of 48 from 18% to 53%. In our hands a 15-

62% yield was similarly obtained. A significant improvement in the purity of fractions 

(and therefore yield) was noted when new (vs acid wash regenerated) Dowex® media 

was used (62%) suggesting that the high acid content was detrimental to the media 

construct. An alternative mesh size of Dowex® (200-400 Dowex® 50WX8 vs 100-200 

Dowex® 50WX8) was found to have limited effect. It was found that paraformaldehyde 

could be added in small portions over a 12 h period instead of the suggested 24 h in the 

literature, and similar yields of 48 (62 % compared to literature yield of 53%) obtained. 

1H NMR spectroscopy of the resultant NOPO complex 48 differed to that cited in the 

literature56 but upon comparison of the physical spectra provided in the published 

supporting information the 1H, 13C and 31P NMR of 48 matched the published spectra.  
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2.3.2.5 Amide coupling reaction of the CA IX targeting-variable linker 

components with the NOPO reporter group component 

The final step in the synthesis of Generation II precursor agents is an amide coupling 

between the NOPO macrocycle 48 and the CA IX targeting-variable linker components 

4-AEBS, 37 and 38. The coupling was initially investigated with 4-AEBS and 38 

(Scheme 19). The reaction was carried out in anhydrous DMSO-d6 and the reaction 

monitored by 1H NMR and ESI MS. 

Scheme 19: Amide coupling between NOPO macrocycle 48 and CA IX targeting-variable 
linker components 38 and 4-AEBS  

 

Despite several alterations to the standard literature method (Table 4), the reaction of 48 

with either 4-AEBS or 38, did not result in the formation of the NOPO conjugated 

product 32 or 30 as determined via TLC or MS. It is expected that some formation of 

the product did occur, but that the huge excess of HATU and DIPEA hampered the 

visibility of any product by TLC or MS. All reagents/solvents, including freshly 

distilled DIPEA, were checked in a model reaction between 4-AEBS and phenylacetic 

acid and the resulting product, 3-phenyl-N-(4-sulfamoylphenethyl)propanamide was 

observed in all cases (Table 4, entry 8) confirming that the reagents were not at fault.  
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Table 4: Summary of reaction conditions investigated for coupling of the NOPO 
macrocycle 48 (1 equiv) to variable linker components 38 or 4-AEBS (1 equiv) 

Entry Amine  DIPEA 

(equiv) 

HATU 

(equiv) 

Solvent 

(anhyd) 

Conditions Observations 

1a 38 

 

 

11 3 DMSO O/N rt 

 

Only starting material 

observed in MS 

2 15 3 DMSO O/N rt 

 

Purification via 

dialysis (MW cutoff 

500 Da) – No 

product observed. 

3 11 3 DMF Supplemented with 

DMSO, HATU and 

DIPEA 

No product observed 

NOPO poorly soluble 

in DMF 

4 4-

AEBS 

3 3 DMSO O/N rt. 

Subsequently 

supplemented with 

DMAP 

No product observed 

by MS 

5 6 3 DMSO O/N, rt → 50 °C,  

6 h  

No product observed 

by MS 

6 10 15 DMSO rt monitored by MS.  No product observed 

by MS/TLC 

7 10 20 DMSO rt monitored by MS. No product observed 

by MS/TLC 

8 Model 

rxn 

3 1.2 DMF rt monitored by TLC 25% isolated yield in 

worst case 

conversion. 

a Literature method.  

Notni et al note that pre-activation of the carboxylic acid of 48, for example as the N-

hydroxysuccinimide (NHS) ester, is not possible as intramolecular phosphoester 

formation as a result of reaction of the phosphinic acid moieties with the activated 

carboxylate occurs (Figure 39, 52).68 To avoid this, the activating coupling reagent, 

HATU, is added after combining 48 with the amine. Notni et al also noted that in the 

course of the reaction the formation of the related intermolecular phosphinic acid ester 

was an unavoidable side product (Figure 39, 53 and 54). They noted that the free 

phosphinic acid moiety could be easily regenerated from the side products with the 

addition of acid, either TFA or HCl. Neat TFA resulted in total cleavage of the 

phosphinic acid ester after 45 min, 1.0 M HCl, 2 h. 
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Figure 39: Potential phosphilactone/phosphinic acid esters proposed by Šimeček et al.68 
Isomer 52 is formed when NHS esters are used. Isomer 53, is quantitatively formed in the 
reaction of NOPO with amines, HATU, DIPEA in DMSO. Isomer 54 is found when 
substoichiometic quantities or in the absence of the amine. 

2.3.2.6  Alternative route to NOPO conjugate 32 via aminolysis 

It was proposed that the carboxylic acid of 48 may be activated as the methyl ester with 

TMSCl in MeOH, then conjugated to the amine component via aminolysis (Scheme 

20). Not only would this activate the carboxylic acid group, the resultant HCl could 

prevent formation of the phosphilactone byproduct observed with NHS activation 

described above. NOPO (48) was combined with TMSCl (2 equiv) in MeOH and after 

12 h at rt, the solvent was removed and the product, the NOPO-OMe ester 55, isolated 

as a HCl salt. 1H and 2D NMR spectroscopy of the crude product 55 confirmed methyl 

ester formation occurred exclusively on the carboxylic acid, with the presence of one 

methyl ester peak with a positive correlation to the carboxylic acid carbonyl group in 

the HMBC spectra. 

Scheme 20: Attempted synthesis of the NOPO-OMe ester 55 and subsequent aminolysis 
with 38 to form 32 

 

 

The crude of 55 was taken forward and aminolysis with 38 (1 equiv) was carried out 

under forcing conditions (120 °C for 4 h, neat)100, however, none of the desired product 

32 was observed, only unreacted starting material was detected.  Minimal formation of 

the phosphilactone 52 was observed as determined by MS. DBU (1,8-
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diazabicyclo[5,4,0]undec-7-ene) has been shown to aid aminolysis between Gly-Phe 

methyl ester analogues with 7-MCP (7-methoxycarbonyl-pterin) as it solubilised the 

reagents in MeOH and catalysed the coupling.69 Supplementing our reaction system 

with DBU (2 equiv) and MeOH did not assist formation of 32. This route was not 

investigated further.     

2.3.2.7  Alternative route to NOPO conjugates via metal protection 

2.3.2.7.1 Metal protection and selection of suitable metal 

The stability of several metals with a series of TRAP based macrocycles was compared 

to the carboxylic acid azamacrocycle, NOTA by Šimeček et al (Figure 40, Table 5).56 

The stability constants of all TRAP macrocycles follow the same trend: Log KML Mg2+ < 

Gd3+ < Zn2+ < Ga3+.56 The reported stability constant for Ga-NOPO is K = 25.0 and by 

extension, will follow the same trend of metal stability.68 

 

Figure 40: NOTA macrocycles and phosphorous based analogues designed by Šimeček 
et al.56 

Table 5: Stability constants (Log KML) of selected metal ions with NOTA and analogues70 

Entry Metal Ion Lit. NOTA NOTA TRAP-H TRAP-OH TRAP-Pr 

1 Ga3+ 31.0 29.63 21.91 23.3 26.24 

2 Mg2+ 9.69 10.97 5.32b 6.59 7.84 

3 Zn2+ - 21.58 13.04b 16.12 16.88 

4 Gd3+ 14.4a 14.4 8.75 10.10 13.46 

a From Cacheris et al.71 b From Bazakas et al.72  

Based on this, Šimeček et al postulated that a metal could be used to mask the 

phosphinic acid groups allowing activation of the carboxylic acid and standard amide 

coupling conditions to be explored.68 Personal communication with the Notni group 

corroborated this and an alternative synthetic route based on the metal protection of 48 
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postulated. Transmetallation with this protective metal to gallium may then occur in the 

final step.68  

The conversion of the NOPO macrocycle 48 to a selection of protected metal complexes 

56-59 was investigated (Scheme 21). Any free metal could be easily removed by known 

purification techniques, for example ion exchange chromatography or SPE (solid phase 

extraction). The suggested lowered stability of the Mg2+- and Gd3+-NOPO complexes 

was considered to be favourable for the subsequent transmetallation to the 

Ga3+complexes, yet despite altering pH, reaction time and temperature, no conversion of 

48 to the Mg-NOPO 58 or Gd-NOPO 59 complexes were observed. The conversion of 

the free NOPO complex 48 to Zn-NOPO 56 and Ga-NOPO 57 was followed by mass 

spectrometry and these products isolated in quantitative yields.  

Scheme 21: Incorporation of a series of metals into the NOPO macrocycle at pH 2-4.5 for 
Mg2+

, Gd3+, Zn2+ and Ga3+ to give compounds 56, 57, 58 and 59 
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The 1H NMR spectra of Zn-NOPO complex 56 in D2O showed that the CH2 peaks of 

the pendant arms at 3.78 ppm (P–CH2–OH), 2.64 ppm (P–CH2–CH2,) and 2.0 ppm (P–

CH2–CH2) were unchanged compared to 48. The disappearance of the peaks at 3.64-

3.53 ppm and 3.41 ppm corresponding to the ring CH2 (m, ring CH2, 12H) and N–CH2–

P protons (m, N–CH2–P, 6H) respectively and the formation of a new, broad multiplet 

3.16-2.83 ppm corresponding to the macrocycle CH2 groups and N–CH2–P protons is 

observed (Figure 41). This pattern was also observed for the Ga-NOPO complex 57.  

 

Figure 41: 1H NMR spectra of NOPO 48 and Zn-NOPO 56, 500 MHz, D2O. Referenced to 
D2O (4.79 ppm). 

The 13C NMR spectra of the Zn-NOPO complex 56 in D2O revealed that the CO peak 

of the carboxylate pendant arms at 177.2 ppm and C peaks of the pendant arms at 59.5 

ppm (P-CH2-OH) 27.1 ppm (P–CH2–CH2,) and 24.7 ppm (P–CH2–CH2) were 

unchanged compared to 48 (Figure 42). For the free complex 48, the (N-CH2-P) peaks 

of the pendant arms were observed at 54.8 ppm (N-CH2-P, 1C) and 53.46 ppm (N-CH2-

P, 2C) as compared to an downfield shift of the pendant arms at 57.6 ppm  (N-CH2-P, 

1C) and 55.6 ppm (N-CH2-P, 2C). The disappearance of the peak at 51.6 ppm of 48 

corresponding to the ring C (m, ring CH2, 6C) is observed. 2D NMR spectroscopy did 

not offer further insight as overlapping peaks preclude assignment. 
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Figure 42: 13C NMR spectra of NOPO 48 (bottom) and Zn-NOPO 56 (top), 500 MHz, D2O. 
Zn-NOPO. 

The 31P NMR of NOPO compounds revealed one peak for the carboxylate arm (1P) and 

one peak for the alcohol arms (2P) (Figure 43). For the free macrocycle 48 the peaks 

were observed at 35.11 (s, 1P) and 31.91 (s, 2P) as compared to a downfield shift of the 

two phosphorus peaks for Zn-NOPO at 39.67 (s, 1P) and 36.92 (s, 2P). Similarly, a 

downfield shift was also noted for the natGa-NOPO complex 57 42.08 (s, 1P) and 37.76 

(s, 2P). In this way, we could track the metallation of the NOPO macrocycle. Notni et al 

noted a similar shift in the 31P NMR for Zn-NOPO artefacts in their synthesis.68  
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Figure 43: 31P NMR spectra of NOPO and Zn-NOPO, 500 MHz, D2O with phosphinic acid 
insert. Referenced to phosphinic acid (0.00 ppm). 

2.3.2.7.2 Amide coupling of Zn-NOPO 

Amide coupling of the metal protected Zn-NOPO 56 to our panel of CA IX-targeting 

variable linking chains (4-AEBS, 37 and 38, 1.1 equiv) was carried out using the 

standard amide coupling conditions of HATU (1.2 equiv), DIPEA (3 equiv) in DMSO-

d6 as previously described (Scheme 22). The reaction was monitored by 1H NMR and 

MS formation of the desired amine products was observed. Purification and isolation of 

the compounds was unsuccessful using flash column chromatography, RP-18 flash 

column chromatography or using SPE columns as the product co-eluted with HATU. 

The compounds were instead precipitated first in acetone (0 °C) then purified by RP-18 

HPLC. Intense method development was undertaken to achieve good separation of the 

target compounds from the crude reaction mixture. The products were eventually 

isolated and desalted using lyophilization or PD Midi-Trap G10® Sephadex® columns. 

Overall a poor yield of each compound was obtained but this is due to loss of material 

during the development and purification methodology. With optimisation of the NOPO 

complexes 60-62 now complete, we expect that higher yields using the metal protected 

NOPO approach will be obtained in future studies.  
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Scheme 22: Amide coupling of the Zn-NOPO complex to sulfonamide amines 

 

2.3.2.7.3 HRMS analysis of Zn-NOPO and complexes 

Zn-NOPO 56, Ga-NOPO 57 and compounds 60-62 were successfully isolated and 

submitted for HRMS analysis. In accordance with literature it was assumed that Zn2+ 

would form the pseudo-octahedral charged complex [Zn(NOPO)]- and  adopt an “in 

cage” complex as Ga-NOPO 57.68 For Ga-NOPO the observed m/z was consistent with 

the “in cage” complex, the experimentally generated spectra (Figure 44B) matches 

exactly with the calculated spectra (Figure 44A). Conversely, the observed m/z in both 

LRMS and HRMS for Zn-NOPO 56 and 60-62 is 1 dalton higher than the calculated 

mass We postulate that a pseudo-octahedral charged complex is not formed with Zn2+, 

but instead a distorted trigonal bipyramidal neutral complex. This hypothesis is 

corroborated by the calculated HRMS spectra for the pseudo octahedral (Figure 44C) 

and distorted trigonal bipyramidal (Figure 44D) spectra. As observed, the 

experimentally generated spectra (Figure 44E) matches the calculated trigonal 

bipyramidal spectra (Figure 44D), lending confidence that the pseudo octahedral 

complex is not formed.  
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A. CALCULATED MS SPECTRA Ga-NOPO 57 

  

B. EXPERIMENTAL MS SPECTRA Ga-NOPO 57 

 

 

 

C. CALCULATED MS PSEUDO-OCTAHEDRAL Zn-NOPO 56 

 
 

D. CALCULATED MS TRIGONAL BIPYRAMIDAL Zn-NOPO 56 

  

E. EXPERIMENTAL MS SPECTRA Zn-NOPO 56 

 

 

 

Figure 44: HRMS mass spectra. A) Calculated MS for Ga-NOPO 57; B) Experimentally 
generated MS for Ga-NOPO 57 C) Calculated MS for Zn-NOPO 56 pseudo octahedral 
complex; D) Calculated MS for Zn-NOPO 56 trigonal bipyramidal complex;  E) 
Experimentally generated MS for Zn-NOPO 56. 
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2.3.3 Summary – Synthesis of Generation II Precursors 

In summary, three novel precursors (60-62) to Generation II target imaging agents were 

synthesized. These compounds differ from our initial targets with a free NOPO 

macrocycle (32-30) as they are instead based on a zinc protected NOPO reporter group.  

It is expected that the zinc ion of (60-62) will readily undergo transmetallation to give 

the desired gallium complexes for PET. 

1-benzyl-1,4,7-triazacyclononane 42 was isolated in high yield from TACN and the 

NOPO macrocycle 48 generated in moderate yields consistent with literature. Amide 

coupling of the NOPO macrocycle to the amine linking chain proved challenging, this 

problem was overcome by a novel approach where a protective (and sacrificial) metal 

was used, specifically a zinc to bind the phosphinic acid moieties of 48, and the product 

was isolated and purified by RP-18 HPLC followed by lyophilization or desalting with a 

PD Midi-Trap G10® Sephadex® column. These imaging agents are a novel class of 

imaging agents to target CA IX. 
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2.4 Generation III MR/PET bimodal imaging agents 

Generation III bimodal precursor imaging agents for MR/PET were designed to 

comprise: (i) a single CA IX targeting group; (ii) a central scaffold with two anchoring 

points; (iii) two reporter groups for metal/radiometal chelation (a combination of DOTA 

and/or NOPO); and (iv) a variable linking chain with or without a triazole (Figure 45). 

 

 

 

 

Figure 45: Structural components of Generation III bimodal imaging agents for CA IX. 

Both a symmetrical scaffold – Scaffold I and a non-symmetrical scaffold – Scaffold II 

were explored (Figure 46). Scaffold I is a symmetrical bis-alkyne, using CuAAC. 

Scaffold I can be linked to two identical reporter groups to form the symmetrical 

bimodal precursors 63 and 64. Scaffold II, functionalised with an alkyne and Boc-

protected amine, can be linked to one reporter group via CuAAC and to the second 

reporter group via standard amide coupling techniques to form the non-symmetrical 
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bimodal precursors 65 and 66. As both the DOTA and NOPO macrocycle can be 

furnished with the same functional handle for conjugation, they can be interchanged as 

necessary, creating a “mix-and-match” approach to synthesizing these compounds. 

 

Figure 46: Design of bimodal imaging agent precursors 63 – 66 for CA IX based on 
symmetrical Scaffold I and Non-symmetrical Scaffold II.  
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For MRI high concentrations of agent are required to be delivered to the active site 

(0.01-0.1 mM) as compared to PET where very low concentrations of agent are required 

(nM). The symmetrical precursors 63 and 64, with two DOTA macrocycles were thus 

designed to be labelled with either two Gd ions (MRI only), two Ga ions (PET only) or 

with one Gd ion and one Ga ion (MRI/PET). These bimodal agents may then be 

combined to generate the desired reporter group ratio for in vivo studies. 

A second set of bimodal compounds were designed based on propargylglycine to give 

two unsymmetrical imaging agent precursors 65 and 66. Compound 65 is a bis-DOTA 

precursor and can be labelled as previously described, either with two Gd ions (MRI 

only), two Ga ions (PET only) or with one Gd ion and one Ga ion (MRI/PET). In 2013, 

Notni et al synthesized a “cold” non-targeted dual modality TRAP/DOTA complex - 

TRAP (HMDA-DOTA)3 (Figure 47) for MRI/PET.73 (HMDA-DOTA)3 was labelled 

with natGa and Gd for MRI/PET imaging. The Gd was chelated first followed by natGa 

second. All DOTA macrocycles coordinated to Gd, while any Gd bound in the central 

TRAP macrocycle was exclusively exchanged with natGa. For the unsymmetrical 

bimodal precursor 66, a DOTA/NOPO macrocycle combination is proposed. This 

combination of reporter groups for dual modality imaging agents is not known in the 

literature, however, by extension of the success with TRAP/DOTA, it was proposed that 

the same advantages of TRAP/DOTA to control the final Ga/Gd metal concentration 

ratio will apply.  

 

Figure 47: TRAP(HMDA-DOTA)3 dual modality MRI/PET imaging agent. reported by 
Notni.73  
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2.4.1. Results and discussion 

2.4.1.1  Symmetrical imaging agent precursors 63 and 64  

The bis-alkyne scaffold 67 was initially investigated (Scheme 23); it has an aromatic 

sulfonamide for CA IX targeting and two alkyne handles for reporter group conjugation 

by CuAAC resulting in symmetrical imaging agent precursors. The target symmetrical 

scaffold, 67, was prepared from 4-aminobenzenesulfonamide (1 equiv), propargyl 

bromide (7.5 equiv) in the presence of DIPEA (3.5 equiv) in MeCN (40-60 °C, O/N) 

but consistently, a mixture of the bis-alkyne (67) and mono-alkyne (68) products was 

obtained even after optimisation (Scheme 23). Altering the temperature and reaction 

times did not drive the reaction forward to form the bis-alkyne product. The mono- 

alkyne product (68) could be isolated (14%) but the bis-alkyne product (67) consistently 

eluted with 68 and could not be separated.  

To circumvent this problem, a second CA IX targeting bis-alkyne symmetrical scaffold 

69 was prepared from 4-iodobenzenesulfonamide (6) and tripropargylamine via a 

Sonogashira reaction (Scheme 23). 4-iodobenzenesulfonamide 6 was combined with 

tripropargylamine (5 equiv), Pd(PPh3)2Cl2 (0.04 equiv), and CuI (0.1 equiv) in Et3N (3 

mL) under an argon atmosphere. The desired compound was purified by flash column 

chromatography (1:1 EtOAc/Hexane) and the symmetrical scaffold 69 isolated (81%).  

Symmetrical bis-alkyne scaffold 69 was reacted with linking chain 11 (see section 

2.2.2.2 for 11 synthesis) under previously described CuAAC conditions with CuSO4 

(0.4 equiv) and sodium ascorbate (0.8 equiv) in 1:1 tBuOH/H2O to give the desired 

symmetrical compound 70 (Scheme 23). The catalyst loading, reaction time and 

temperature were optimised and the product was purified by flash column 

chromatography (85:15 DCM/MeOH). Fraction purity was analysed by HPLC (HPLC 

details in Experimental, Section 2.6) and clean fractions were collected together and the 

symmetrical compound 70 isolated in low yield (< 10%). 1H NMR analysis showed 

several non-UV active impurities. As so little material was obtained, no further 

purification was carried out and the product not isolated. 
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Scheme 23: Reaction scheme for the formation of symmetrical precursors 70, 71 and 73 
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The click chemistry reaction between 69 and the bromo azide variable linker chain 12 to 

prepare 71 was investigated. Alternative sources of Cu(I) were examined for the click 

reaction between 69 and 12, including copper powder (2 equiv) and use of TBTA (0.01 

equiv) in combination with CuSO4
 (0.01 equiv). Despite alterations to the reaction 

design, the desired product 71 was not isolated, instead the cyclized product 72 was 

formed, confirmed by HRMS.  

In an attempt to prevent cyclization, 69 was instead reacted with Boc-protected amino 

azide variable linking chain 34 using the CuAAC conditions previously described. 

Although this approach successfully prevented intramolecular cyclization, the major 

product isolated was the mono-triazole 74. Formation of the desired bis-triazole product 

73 was confirmed by MS but the product could not isolated in suitable quantities via 

standard laboratory techniques. Although interesting, based on these results, it was 

decided not to continue development of this scaffold as cyclization, incomplete 

conversion for to the bimodal product and purification were problematic. 

2.4.1.2  Unsymmetrical imaging agent precursors 65 and 66  

A new synthetic bimodal system was designed based on Boc-propargylglycine which 

has three functional handles to which three different molecules could be adhered. 

Amide coupling of Boc propargylglycine with either 4-AEBS or 4-

aminobenzenesdulfonamide (1 equiv) was carried out with modified literature methods 

(Scheme 24) using EDC (1.2 equiv) and HOBt (1.2 equiv) in anhydrous DMF.74 

Compounds 75 and 76 were isolated via flash column chromatography (100% EtOAc) 

in low (76 27%) to high (75, 92%) yields.  
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Scheme 24: Amide coupling of Boc-propargylglycine and either 4-AEBS to give 75 or 4-
aminobenzenesulfonamide to give 76 

 

Compound 75 was taken forward based on the improved isolated yield and it was 

conjugated to either the Boc protected amino azide PEG chain 34 or the Fmoc protected 

amino azide PEG chain 77 by CuAAC (Scheme 25). The Boc protected-PEG chain 34 

was prepared from tetraethylene glycol via intermediate 12 as described previously 

(sections 2.2.2.2 and 2.3.2.1). The Fmoc-PEG chain 77 was prepared accordingly to 

literature from either Fmoc-Cl75 in dioxane/aqueous 5% Na2CO3 (1:1) supplemented 

with DIEA (1 equiv) or Fmoc-OSu76 (2 equiv) in MeCN with Et3N (1 equiv). Higher 

yields were obtained when Fmoc-OSu was used as compared to Fmoc-Cl and this was 

the method of choice for all subsequent reactions. Compound 75 was combined with 

either 34 or 77 (1.1 equiv), CuSO4 (0.2 equiv) and Na ascorbate (0.4 equiv) in 

DMSO/H2O (2:1) and was stirred for 4-6 h at 45 °C and the desired product, 78 and 79 

isolated by column chromatography (100% EtOAc or 100% EtOAc → EtOAc/MeOH, 

90:10) in moderate to high yield (78, 46-93%, 79, 65-93%). 

 

 

 

 

 

 

76 

27% 

75 

92% 
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Scheme 25: Click chemistry reaction between 75 and either 34 or 77 to give the desired 
compounds 78 and 79. 

 

 

Deprotection of the Boc protecting groups of 78 and 79 was carried out in TFA:DCM 

(1:1) to give the amines 80 and 81 (Scheme 26) isolated as their HCl salts.  

Scheme 26: Boc deprotection of 78 and 79 in TFA/DCM (1:1) to give 80 and 81 

 

DO3A tBu ester (25) had to be furnished with a complimentary carboxylic acid handle 

for the subsequent amide coupling reaction with 80 and 81. Initially, 25 was reacted 

with 2-bromoacetic acid (1 equiv) in DMF with K2CO3 (1 equiv).77 However, even 

when conditions were replicated exactly as described in the literature, yields < 10% 

were obtained. Instead a two-step approach was adopted. DO3A tBu ester 25 was 

conjugated first with the benzyl protected bromoacid (benzyl bromoacetate, 1.2 equiv) 

in the presence of K2CO3 (2 equiv) in MeCN under anhydrous conditions to give 82, 

78  
(93%) 

 

79 

(93%) 
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100% 
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100% 
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(71%) 
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(94%) 

78 

79 
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and subsequent benzyl deprotection carried out using 15% Pd/C.78 This approach 

proved successful and the product 83 isolated in high yields (Scheme 27). 

Scheme 27: Conversion of DO3A tBu ester 25 to carboxylic acid DOTA-like compound 83. 

 

 

2.4.1.2.1 Unsymmetrical bis-DOTA imaging agent precursor 

Amide coupling of 83 was initially trialled with the bis-amine propargylglycine scaffold 

80. Compound 80 was combined with 83 (2.1 equiv) in the presence of EDC (2.2 

equiv), HOBt (2.2 equiv), Et3N (3 equiv) in DMF under argon (Scheme 28). After 24 h 

stirring at rt, only the mono-DOTA product 84 had formed and no bis-DOTA product 

85 was observed. It was considered that this could be due to steric hindrance: that amide 

formation was occurring preferentially on the less hindered amine (PEG chain) and was 

too hindered to couple to the second amine. Supplementing the reaction with DMAP (2-

4.5 equiv) had no effect. 

Thoroughly dried solvent allowed the reaction between 83 and 80 to proceed in high 

yield as determined by HPLC analysis (Scheme 28). The purification of the bimodal 

scaffold 85 proved problematic and several methods were investigated for the 

purification of this complex including flash column chromatography, Sephadex® size 

exclusion chromatography (Pd Midi-Trap G10® MW cut-off 700 Da), RP-18 HPLC 

and recrystallization, but unfortunately it was not separable from generated side/ 

degradation products and UV inactive impurities. HRMS did confirm the formation of 

the product from a impure sample. 

 

 

 

82 
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83 

(96%) 

25 
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Scheme 28: Amide coupling of the bis-amine propargylglycine scaffold 80 with 83 to 
generate the tBu protected bis-DOTA complex 85 or mono-DOTA complex 85. 

 

Purification by RP-18 HPLC of DO3A esters has been used in the literature with mobile 

phase containing +0.1% TFA. We were conscious that upon eliminating the solvent in 

vacuo after purification, the acid concentration would increase and this may actually 

result in the deprotection of the tBu esters.  Therefore, this product was carried forward 

as the crude product and the tBu ester groups deprotected in TFA/DCM (1:1) to 

generate the desired compound 86 (conversion confirmed by ESI-MS). Purification by 

RP-18 flash column chromatography was unsuccessful. It was postulated that due to the 

high molecular weight (literature shows molecular weight cut off for 60 Å normal phase 

silica gel to be between 800 < 2000 MW79,80) the compound was retained on the 

column, even when 100% MeOH or H2O was used as eluant. 
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Scheme 29: Synthesis of the bis-DOTA unsymmetrical scaffold 86 

 

 

In order to reduce the formation of the mono-DOTA product, an alternative synthetic 

route was designed using a different DO3A ester intermediate 88 where the carboxylic 

acid was extended away from the macrocycle and thus less hindered (Scheme 30). The 

acidic handle of 83 was extended by coupling with β-alanine to give the compound 88 

in low-moderate yield via the intermediate activated NHS ester 87. Compound 88 was 

reacted with the free bis-amine scaffold 80 with the amide coupling conditions 

described above to form the target bimodal product 89 (conversion shown by ESI-MS). 

However, purification of this product proved to be very problematic. Normal phase 

silica gel flash column chromatography led only to product degradation. As the 

intermediate 88 could only be isolated in low yield, not allowing ease of 

troubleshooting and this route was not investigated further.  

80 

86 

83 

85 
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Scheme 30: Synthesis of the bis-DOTA unsymmetrical scaffold 89 

 

2.4.1.2.2 Unsymmetrical mixed DOTA/NOPO imaging agent precursor  

The amide coupling of the Boc-deprotected, Fmoc-protected scaffold 81 with 83 was 

carried using similar amide coupling conditions as previously described (Scheme 31) to 

generate the mono-DOTA scaffold 90. The DOTA macrocycle 83 was conjugated at 

this stage instead of the Zn-NOPO macrocycle 56 as the DOTA precursor could be 

obtained easily in high yield as compared to the NOPO macrocycle. In this way, 

reaction optimisation could be carried out without loss of NOPO. 

Scheme 31: Amide coupling of 81 and 83 to give 90 

 

Preparation of the mono-DOTA product 90 was investigated but has not been 

successfully isolated. Two reaction pathways are postulated to form the NOPO/DOTA 

compound 94 from 90 (Scheme 32).  

83 87 
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Pathway 1 (Scheme 32, left) will involve deprotection of the Fmoc protecting group of 

90 and subsequent amide coupling to Zn-NOPO 56. The DOTA macrocycle will then 

be deprotected using TFA/DCM to generate 93. Compound 93 will be labelled in 

tandem with Gd and Ga (as Ga(NO3)3•×H2O and GdCl3•6H2O) to produce a 1:1 Gd/Ga 

DOTA/NOPO complex using conditions as described by Notni et al.73 This reaction 

pathway is favourable as an amide coupling reaction between the free carboxylic acid 

group of DOTA and the PEG chain amine is less likely. 

Pathway 2 (Scheme 32, right) first deprotects the DO3A tBu ester groups of 90 

followed by pre-labelling with Gd (95). Pre-labelling with Gd should prevent cross 

reactivity between the now masked carboxylic acid groups of the macrocycle and the 

free amine. After Gd insertion, the Fmoc group can be deprotected (20% piperazine in 

DMF) prior to Zn-NOPO 56 conjugation to give 97. In the final stage of the reaction, 

Ga(NO3)3 would be added to generate the final compound. The advantage of this 

pathway is that 90 could be purified by RP-18 HPLC in acidic conditions without 

concern regarding deprotection of the tBu ester groups. 

Furthermore, in addition to forming the NOPO/DOTA complex, pathway 2 would allow 

the conjugation of a second DOTA complex that could then be deprotected and gallium 

inserted into this macrocycle. In this way more control of the final metal content would 

be achieved but transmetallation could still occur. 
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Scheme 32: Proposed reaction pathway to form the bimodal NOPO/DOTA complex 94 
from 90. 
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2.4.2 Bimodal compounds summary 

Four bimodal scaffolds were originally proposed. The first two were based on a 

symmetrical scaffold, designed with two DOTA reporter groups for metal conjugation. 

As well as chelating a positron emitter for PET and gadolinium to create a MRI contrast 

agent, both macrocycles could be labelled with gadolinium; favourable as a higher dose 

of MRI agent is required (0.01-0.1 mM) as compared to PET agent (nM). Synthesis of 

the symmetrical scaffold based compounds was unsuccessful as cyclization of the two 

linking chains was observed and non-UV active impurities were present.  

Two novel bimodal scaffolds were designed based on an unsymmetrical 

propargylglycine scaffold. This molecule had three functional handles to adhere three 

different molecules. Two compounds were designed, one twin DOTA complex and one 

NOPO/DOTA “mix and match” compound. The synthesis of each was successful until 

the purification of the final macrocycles. However, if deprotection of the tBu esters is 

not an issue, we postulate that RP-HPLC could be used to successfully purify these 

compounds. 

These are the first steps towards novel bimodal compounds to generate MRI/PET 

imaging agents. 
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2.5 Experimental 

Unless otherwise stated, reactions were performed open to the atmosphere. Where 

specified, solvents were dried prior to use. All other reagents and solvents were used as 

purchased from commercial suppliers. Reaction progress was monitored by thin layer 

chromatography (TLC) using silica gel-60 F254 or RP-18 silica gel-60 F254 plates, 

with detection by short wave UV fluorescence (λ = 254 nm) and staining with ninhydrin 

(1 g ninhydrin, 200 mL EtOH, 8 mL acetic acid), KMnO4 (KMnO4 (0.75g), K2CO3 (5 

g), NaOH (75 mg), H2O (100 mL)) or vanillin stain (5 g of vanillin in a mixture of 

EtOH:H2O:H2SO4 = 87:10.2:2.8) with subsequent heating. Some reactions were 

additionally monitored by high pressure liquid chromatography (HPLC) on an Agilent 

1100 system (Column: Thermo Betasil C18 (150  4.6 mm, 5 μm), solvent: 95:5 → 

5:95 H2O (+ 0.1% TFA): Acetonitrile (+0.1% TFA) over 10 mins, at 1 ml/min, 

detection: UV – 254 nm) or by LCMS on an Agilent 6120 quadrupole LCMS system, 

using electrospray as the ionization technique in positive ion and/or negative ion modes 

as stated. Where specified, preparatory HPLC was carried out on an Agilent 1100 

system (Column: XBridge Prep C18, 10 µM OBD, 19 × 100 mm) using gradient 

methods as specified. Flash chromatography was performed using silica gel 60 Å 

(230−400 mesh). NMR (1H, 13C{1H}, 1H-1H gCOSY, and HSQC) spectra were 

recorded on Varian INOVA 400 or 500 MHz spectrometer at 30 °C. NMR spectra were 

referenced to the residual solvent peak (CDCl3 δ 7.26 ppm for 1H, 77.16 ppm for 13C; 

DMSO-d6 δ 2.50 ppm for 1H, 39.52 ppm for 13C; D2O δ 4.79 ppm for 1H; Phosphoric 

acid 85% w/v δ 0.0 for 31P or MeOD δ 3.31 for 1H, 49.0 for 13C).  Multiplicity of the 

signals is indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), quint 

(quintuplet), m (multiplet), b (broad). Coupling constants (J) are reported in hertz (Hz). 

Mestrenova 6.1 software was used for NMR analysis. Where NMR correlations are 

unambiguous, the assignments are referenced by multiplicity. Otherwise, a greek letter 

denotes the correct peak correlation. Where possible, the NMR data are fully assigned, 

however, in some cases, broad/overlapping peaks precluded full assignment. These 

cases are indicated in the document. Melting points were determined using a heating 

stage with microscope and are uncorrected. Low resolution mass spectra (LRMS) were 

recorded on an Agilent 6120 quadrupole LCMS system, using electrospray as the 

ionization technique in positive ion and/or negative ion modes as stated. High resolution 

mass spectra (HRMS) were recorded on a Bruker MicrOTof-Q spectrometer (Dionex 

Ultimate 3000 micro LC system, using electrospray as the ionization technique in 
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positive ion and/or negative ion modes as stated) or on a Bruker SolariX 12 T ICR-

FTMS using electrospray as the ionization technique in positive ion and/or negative ion 

modes as stated. Purity of all final compounds was ≥ 95% as determined by HPLC with 

UV detection.  

2.5.1 Experimental – Generation I 

General Procedure 1: Synthesis of brominated [linker] components  

Synthesized according to an adapted literature procedure.25 The amino-azide precursor 

(1 equiv) was suspended in a biphasic DCM/NaOH (aq) solution (2:1, 2/3 equiv NaOH) 

and cooled to 0 °C. Bromoacetyl bromide (3 equiv) was added dropwise to the DCM 

layer. The solution was then stirred vigorously overnight at rt. The reaction mix was 

diluted with DCM and H2O and the aqueous fraction washed with DCM (2). The 

organic fractions were combined and washed with Na2CO3 (50 mM, 3), dried with 

MgSO4, filtered and concentrated. The crude compound was sufficiently pure and was 

taken forward without further purification. 

4-iodobenzenesulfonamide (6) 

 

Synthesized according to a literature procedure.30 To a cooled (-5 °C) solution of 4-

aminobenzenesulfonamide (1.73 g, 0.01 mmol) in 32% HCl (20 mL) was added 

dropwise a solution of NaNO2 (0.83g, 12 mmol) in H2O (10 mL). After a permanent 

yellow colour was sustained (5-10 min), this solution was added dropwise to a cooled (0 

°C) solution of KI (8.85 g, 0.05 mol) in H2O (30 mL). The mixture was warmed to 60 

°C for 2 h before dilution with EtOAc and the aqueous layer extracted (150 mL × 3). 

The combined organic layers were washed with Na2S2O3 (1M, 250 mL), dried 

(MgSO4), filtered, and the solvent removed in vacuo. The residue was purified via flash 

chromatography on silica gel ( 2:3EtOAc/Hexane) to give the title compound 6 (1.88 g, 

66 %) as an off-white solid. Rf 0.34 (2:3 EtOAc/Hexane), m.p. 189-193°C. 1H NMR 

(500 MHz, DMSO-d6) δH 7.95 (m, 2H, 2 × ArCH), 7.59 (m, 2H, 2 × ArCH), 7.41 (s, 

2H, SO2NH2) ppm 13C NMR (125 MHz, DMSO-d6) δC 143.7 (αCq), 137.8 (γCH), 127.4 
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(βCH), 99.3 (δCq) ppm. LRMS (ESI+): m/z = 284 [M+H]+. 1H NMR data matches 

reported literature values.81  

4-(octa-1,7-diyn-1-yl)benzenesulfonamide (7) 

 

Synthesized according to an adapted literature procedure.82 To a solution of 4-

iodobenzenesulfonamide 6 (50 mg, 0.18 mmol), Pd(PPh3)4 (20 mg, 0.017 mmol, 0.1) 

and CuI (7 mg, 0.035 mmol) in anhyd DMF (0.325 mL) in anhyd Et3N (0.05 mL) was 

added 1,7-octadiyne (0.23 mL, 1.8 mmol). The resulting mixture was stirred at rt under 

an inert atmosphere and monitored by TLC. The reaction mixture was filtered through 

Celite® and washed with EtOAc (100 mL). The solvent was removed in vacuo and the 

residue purified using flash column chromatography (1:4 EtOAc/Hexane) and the title 

compound 7 isolated as a brown oil (39 mg, 86%). Rf = 0.30 (7:13 EtOAc/Hexane). 1H 

NMR (500 MHz, DMSO-d6) δH 7.77 (m, 2H, 2 ×ArCH), 7.56 (m, 2H, 2 × ArCH), 7.39 

(s, 2H, SO2NH2), 2.76 (t, J = 2.4 Hz, 1H, θCH), 2.45 (m, 2H, γCH2), 2.22 (dt, J = 6.73, 

2.4 Hz, 2H, ζCH2), 1.62 (m, 4H, δCH2, εCH2) ppm. 13C NMR (125 MHz, DMSO-d6) δC 

143.1 (ArCq), 131.6 (2 × ArCH), 126.6 (ArCq), 125.8 (2 × ArCH), 93.3 (Cq), 84.2 

(Cq), 79.7 (CH), 71.3 (Cq), 27.16 (CH2), 27.3 (CH2), 18.2 (CH2), 17.2 (CH2). LRMS 

(ESI+): m/z = 284 [M+Na]+, 262 [M+H]+. HRMS (ESI-) Calcd for C14H15NO2S
-: 

260.0748. Found: 260.0751 

4-Trimethylsilylethynylbenzenesulfonamide (8) 

 

Synthesized according to a literature procedure.31,82 To a mixture of 4-

iodobenzenesulfonamide, 6 (0.5 g, 1.8 mmol), Pd(PPh3)4 (41 mg, 0.036 mmol) and CuI 

(17 mg, 0.09 mmol)  was added anhyd Et3N (10 mL) and TMS-acetylene (0.3 mL, 2.1 

mmol). The reaction was stirred at rt under an inert atmosphere and monitored by TLC. 
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Once complete, the mixture was filtered over celite and was washed with a large excess 

of EtOAc. The solvent was removed in vacuo and the residue purified by flash column 

chromatography (2:3 EtOAc/Hexane) and the title compound 8 isolated as a tan solid 

(0.43 g, 95%). Rf 0.42 (2:3EtOAc/Hexane), m.p. 142 °C. 1H NMR (500 MHz, DMSO-

d6) δH 7.79 (m, 2H, 2 × ArCH), 7.65 (m, 2H, 2 × ArCH), 7.44 (s, 2H, NH2), 0.25 (s, 9H, 

3 × CH3) ppm. 13C NMR (125 MHz, DMSO-d6) δC 144.1 (ArCq), 132.1 (2 × ArCH), 

125.9 (2 × ArCH), 125.4 (ArCq), 103.7 (Cq), 97.1 (Cq), 0.22 (3 × CH3) ppm. LRMS 

(ESI-): m/z = 252 [M-H]-.  

4-ethynylbenzenesulfonamide (9) 

 

Synthesized according to a literature procedure.31,82 4-Trimethylsilylethynyl-

benzenesulfonamide (8, 0.48 g, 2.6 mmol) was combined with K2CO3 (0.18 g, 1.3 

mmol) in MeOH (15 mL). The reaction mixture was stirred at rt for 2-5 h and monitored 

by TLC. The mixture was filtered through celite and the solvent removed in vacuo. The 

residue was purified by flash column chromatography (2:3 EtOAc/Hexane) to give the 

title compound as a white solid (0.422 g, 88%).  Rf 0.26 (2:3, EtOAc/Hexane), m.p. 177-

180 °C. 1H NMR (500 MHz, DMSO-d6) δH 7.81 (m, 2H, 2 × ArCH), 7.68 (m, 2H, 2 × 

ArCH), 7.42 (s, 2H, NH2), 4.42 (s, 1H, ζCH) ppm. 13C NMR (125 MHz, DMSO-d6) 

144.1 (Cq), 132.2 (2 × ArCH), 125.9 (2 × ArCH), 125.0 (Cq), 83.3 (ζCH), 82.2 (εCq). 

LRMS (ESI+): m/z = 182 [M+H]+. 1H NMR matches reported literature values.31 

2-bromo-N-(prop-2-yn-1-yl)acetamide (10) 

 

 

The title compound was synthesized from propargylamine hydrochloride (200 mg, 2.2 

mmol) and NaOH (2 equiv) using general procedure 1 and isolated as a yellow oil 

(0.218g, 57%). Rf 0.28 (EtOac/Hexane, 2:3).1H NMR (500 MHz, CDCl3) δH 6.62 (br t, 

1H, J = 2.0 Hz, NH), 4.09 (dd, 2H, J = 2.79, 2.59 Hz, γCH2), 3.90 (s, 2H, βCH2), 2.28 

(t, 1H, J = 2.4 Hz, εCH). 13C NMR (125 MHz, CDCl3) δ 165.3 (αC=O), 78.6 (δCq), 
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72.4 (εCH), 30.1 (γCH2), 28.8 (βCH2). LRMS (ESI-): m/z = 176, 178 [M–H; 79Br, 81Br]-. 

1H NMR is in agreement with reported literature.25,83,84 

3-azidopropan-1-amine (13) 

 

Synthesized according to a literature procedure.33 To 3-chloropropyl-1-amine 

hydrochloride (1.53 g, 11.5 mmol) in H2O (15 mL) was added sodium azide (2.25 g, 

34.6 mmol). The reaction mixture was stirred at 80 °C for 15 h. The solution was then 

basified with solid KOH (pH 12) and extracted with diethylether (3 × 25 mL). The 

collected organic layers were washed with H2O (10 mL) followed by brine (10 mL). 

The organic layers were dried (MgSO4), concentrated in vacuo and the product isolated 

as yellow oil (0.6167g, 54%). 1H NMR (500 MHz, CDCl3) δH 3.37 (t, 2H, J = 6.42 Hz, 

αCH2), 2.81 (t, 2H, J = 6.10 Hz, γCH2), 1.73 (quin, 2H, J = 7.06 Hz, βCH2) 1.31 (br s, 

2H, NH2) ppm. 13C NMR (125 MHz, DMSO-d6) δC 47.8 (αCH2), 36.2 (γCH2), 26.3 

(βCH2).
 1H NMR is in agreement with reported literature.33 

3-azidopropan-1-amine hydrochloride (14) 

 

Compound 13 was synthesised as described above. The flask was allowed to cool to rt 

and the H2O removed in vacuo until ~20-30 mL remained. The solution was basified 

(KOH, pH 12) and extracted with EtOAc (3 × 100 mL). The organic layers were 

combined, dried (MgSO4) and cooled to 0°C. In a separate flask, HCl (32%, 3 mL, 0.04 

mmol) was added dropwise to EtOH (10 mL) at 0 °C. This was added dropwise to the 

first mix and stirred for 10 minute, then the solvent removed in vacuo. The resulting 

yellow oil was recrystallised in EtOAC and washed with EtOAc resulting in a 

yellow/white powder (2.66 g, 94%). Rf 0.1 (80:20 DCM/MeOH), m.p. 70 °C. 1H NMR 

(500 MHz, DMSO-d6) δH 8.13 (s, 3H, NH3
+), 3.48 (t, J = 6.71 Hz, 2H, αCH2), 2.82 (t, J 

= 6.71 Hz, 2H, γCH2), 1.83 (quin, J = 6.96 Hz, 2H, βCH2) ppm. 13C NMR (125 MHz, 

DMSO-d6) δC 47.8 (αCH2), 36.2 (γCH2), 26.3 (βCH2). LRMS (ESI+) m/z 101.00 [M + 

H]+. 1H NMR is in agreement with reported literature. 

 

2-Bromo-N-(3-azidopropyl)-acetamide (11)  
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The title compound was synthesized from 3-azido-1-propanamine HCl salt (14) (1.5 g, 

11 mmol) and NaOH (2 equiv) using general procedure 1 and isolated as a yellow oil 

(1.9 g, 77%). Rf 0.13 (90:10 DCM/MeOH). 1H NMR (500 MHz, CDCl3) δH  6.72 (br s, 

1H, NH), 3.88 (s, 2H, βCH2), 3.40-3.36 (m, 4H, γCH2 & εCH2), 1.82 (quint, 2H, J = 

6.60Hz, δCH2).
 13C NMR (125 MHz, DMSO-d6) 165.8 (C=O), 49.5 (εCH2

 or γCH2), 

38.1 (εCH2
 or γCH2), 29.3 (βCH2), 28.6 (δCH2). LRMS (ESI-): m/z = 221, 219 [M–H; 

79Br, 81Br]-. HRMS (ESI)+ Calcd for C5H9
79BrN4NaO+: 242.9852. Found: 242.9852. 1H 

NMR is in agreement with reported literature.85  

1, 11-Diazido-3,6,9-trioxaundecane (15) 

 

Synthesized according to a literature procedure.34 To a solution of tetraethyleneglycol 

(3.88 mL, 0.02 mol) and methanesulfonylchloride (3.4 mL, 44 mmol) in anhyd THF (40 

mL) under an inert atmosphere at 0 °C, was added Et3N (6.22 mL, 44 mmol) in anhyd 

THF (10 mL) over 45 min. After 1 h, the temperature was raised to rt and stirring 

continued for a further 4 h (Intermediate Rf 0.82 90:10 DCM/MeOH). Water (60 mL) 

was added followed by NaOH or NaHCO3 (to pH 8) and NaN3 (2.86 g, 44 mmol) in that 

order. THF was removed in vacuo and the aqueous layer refluxed for 24 h. After 

cooling, ether (50 mL) was added and aqueous layer saturated with NaCl. The phases 

were separated and the aqueous layer extracted with ether (4 × 50 mL). The combined 

organic phases were washed with brine (2 × 50 mL), dried (MgSO4) and concentrated 

to give the title compound 15 as a yellow oil (3.60 g, 74%). Rf 0.44 (2:3 

EtOAc/Hexane). 1H NMR (500 MHz, CDCl3) δH 3.67 (m, 12H, βCH2, γCH2), 3.38 (t, J 

= 5.0 Hz, 4H, 2 × αCH2). 
13C NMR (125 MHz, DMSO-d6) 70.9 (4 × γCH2), 70.2 (2 × 

βCH2), 50.9 (2 × αCH2). LRMS (ESI+): m/z = 267 [M + Na]+. 1H NMR is in agreement 

with reported literature. 34,86 

 

 

 

11-azido-3,6,9-trioxaundecanamine (16) 
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Synthesized according to a literature procedure.34 To a vigorously stirred suspension of 

15 (0.6 g, 2.44 mmol) in 5% HCl (6mL) was added PPh3 (0.569 g, 2.17 mmol) in 

diethyl ether (5 mL) dropwise over 3 h at rt and the resultant mixture allowed to stir for 

an additional 24 h at rt. The aqueous phase was extracted with DCM (3 × 15 mL) before 

basifying (KOH, pH 12, 0 °C) then the aqueous layer was back extracted with DCM (5× 

30 mL), dried (MgSO4), filtered and concentrated in vacuo to give the title compound as 

a yellow oil (0.45 g, 85%). Rf = 0 (90:10 EtOAc/MeOH).  1H NMR (500 MHz, CDCl3) 

δH 3.70-3.63 (m, 10H, γCH2, βCH2), 3.57 (t, J = 5.1 Hz, 2H, δCH2), 3.41 (t, J = 4.9 Hz, 

2H, αCH2), 2.96 – 2.88 (m, 2H, εCH2). 
13C NMR (125 MHz, CDCl3)  = 72.9 (CH2), 

70.9-70.8 (3 × CH2), 70.5 (CH2), 70.2 (CH2), 50.9 (CH2), 41.8 (CH2) ppm. LRMS 

(ESI+): m/z 219 [M+H]+. 1H NMR is in agreement with reported literature.86,87 

 

N-[2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxy]ethyl]-2-bromoacetamide (12)  

 

The title compound was synthesized from 1,11-diazido-3,6,9-trioxaundecane (16) (450 

mg, 2.08 mmol) using general procedure 1 and isolated as a yellow oil (0.54 g, 76%).  

Rf 0.35 (95:5 DCM/MeOH). 1H NMR (500 MHz, CDCl3) δH 6.92 (s, 1H, NH), 3.87 (s, 

2H, βCH2), 3.71 – 3.63 (m, 10H, εCH2CH2, ζCH2N3), 3.59 (t, J = 5.1 Hz, 2H, 

δCH2NH), 3.49 (dd, J = 5.3, 10.5 Hz, 2H, γCH2), 3.39 (t, J = 5.0 Hz, 2H, ηCH2).
 13C 

NMR (125 MHz, DMSO-d6) 165.8 (CO), (70.9, 70.81, 70.79, 70.6, 70.2 (εCH2, 

ζCH2N3)), 65.5 (δCH2), 50.8 (ηCH2), 40.1 (γCH2), 29.2 (βCH2). LRMS (ESI-): m/z 339, 

337 [M-H, 81Br, 79Br]-. HRMS (ESI+) Calcd for C10H19
79BrN4O4

+: 339.0662. Found: 

339.0684. 1H NMR was in agreement with the data reported in the literature.53 
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2-bromo-N-[[1-(4-sulfamoylphenyl)-1H-1,2,3-triazole-4-yl]methyl]acetamide (17) 

 

To a solution of 10 (50 mg, 0.31 mmol) and 4-azidobenzenesulfonamide 5 (61 mg, 0.31 

mmol) in tBuOH/H2O (1:1, 5 mL) was added Cu powder (1 mg, 0.15 mmol) and the 

resultant suspension stirred at 60 °C for 20 h. The reaction mixture was filtered and the 

solid precipitate washed with methanol (10 mL) and EtOAc (10 mL). The precipitate 

was redissolved in DMF and refiltered. The solvent was removed in vacuo and 

lyophilised to give the title compound as a tan solid (0.0773 g, 67%). Rf 0.26 (7:13 

EtOAC/Hexane) m.p. >250 °C. 1H NMR (500 MHz, DMSO-d6) δH  8.87 (t, 1H, J = 5.4 

Hz, NH), 8.76 (1H, s, δCH), 8.11 (m, 2H, 2 × ArCH), 8.01 (m, 2H, 2 × ArCH), 7.50 (s, 

2H, SO2NH2), 4.44 (d, J = 5.6 Hz, 2H, γCH2), 3.91 (s, 2H, βCH2).
 13C NMR (500 MHz, 

DMSO-d6) δC 171.9 (αCO), 153.6 (Cq), 138.6 (Cq), 127.5 (2 × ArCH), 121.2 (Cq), 

120.1 (2 × ArCH), 109.5 (Cq), 61.4 (βCH2), 33.7 (γCH2). LRMS (ESI+): m/z = 376, 374 

[M+H; 81Br, 79Br]+ HRMS (ESI-) Calcd for C10H19
79BrN4O4

-: 371.9772. Found: 

371.9801. 

 

2-Bromo-N-(3-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl]propyl)acetamide (18) 

 

Synthesized according to an adapted literature procedure.88 CuSO4•5H2O (7 mg, 0.027 

mmol) and sodium ascorbate (10.8 mg, 0.055 mmol) were combined in 1 mL H2O and 

added to a solution of 9 (100 mg, 0.55 mmol), 10 (145 mg, 0.66 mmol) and TBTA 24 

(14.5 mg, 0.055 mmol) in DMSO (2 mL) and the mixture was left to stir at 45 °C and 

monitored by TLC. Once complete (1.5 h), the reaction mixture was filtered through 

Celite and washed with H2O and the filtrate redissolved in DMF. The DMF was 

concentrated to a minimum amount before EtOAc (30 mL) was added and the organic 

rapidly washed with EDTA in ammonium hydroxide (1.0 M, 50 mL). The organic 

fraction was dried (MgSO4), filtered, and the remaining residue purified by flash 

column chromatography (90:10 EtOAc/MeOH). The product was isolated as a white 

powder (0.04 g, 18%). Rf 0.36 (80:20 DCM/MeOH), mp 193-195 °C. 1H NMR (500 
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MHz, DMSO-d6) δH  8.70 (s, 1H,  ζCH), 8.39 (t, 1H, NH), 8.02 (m, 2H, 2 × ArCH), 7.89 

(m, 2H, 2 × ArCH), 7.37 (s, 2H, SO2NH2), 4.45 (t, J = 7.0 Hz, 2H, εCH2), 3.85 (s, 2H, 

βCH2), 3.15 (q, J = 6.7 Hz, 2H, γCH2), 2.08 – 2.02 (qn, J = 6.9 Hz, 2H, δCH2).
 13C 

NMR (500 MHz, DMSO-d6) δC 166.2 (CO), 145.0 (Cq), 143.1 (ηCq), 133.9 (Cq), 126.4 

(2 ×ArCH), 125.3 (2 ×ArCH), 122.6 (ζCH), 47.4 (εCH2), 36.3 (γCH2), 29.5 (βCH2 and 

δCH2), 29.4 (βCH2 and δCH2). LRMS (ESI-): m/z = 402, 400 [M-H; 81Br, 79Br]-. HRMS 

(ESI+) Calcd for C13H16BrN5O3S
+: 402.0228. Found: 402.0208. 

 

2-Bromo-N-[[2-(2-[2-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl]ethoxy]ethoxy) 

ethoxy]methyl]acetamide (19) 

 

 

Synthesized according to an adapted literature procedure.88 CuSO4•5H2O (2 mg, 0.007 

mmol) and sodium ascorbate (14 mg, 0.071 mmol) were combined in 1 mL H2O and 

added to a solution of 9 (264 mg, 0.78 mmol), 12 (128 mg, 0.71 mmol) and TBTA 24 (4 

mg, 0.007 mmol) in DMSO (2 mL) and the mixture was left to stir at 45 °C and 

monitored by TLC. Once complete, the reaction mixture was diluted with H2O and 

EtOAc and the aqueous extracted with EtOAc (4). The organic fractions were 

combined and washed with EDTA in ammonium hydroxide (1.0 M), dried (Na2SO4), 

filtered and purified by flash column chromatography (95:5 EtOAc/MeOH). The 

product was isolated as a yellow gum (0.148g, 40%). Rf 0.2 (95:5 DCM/MeOH), mp 85-

90 °C. 1H NMR (500 MHz, DMSO-d6) δH 8.66 (s, 1H, θCH), 8.28 (br, 1H, NH), 8.02 

(m, 2H, 2  ArCH), 7.90 (m, 2H, 2  ArCH), 7.36 (s, 2H, SO2NH2), 4.60 (t, J = 5.2 Hz, 

2H, ηCH2), 3.88 (t, J = 5.2 Hz, 2H, ζCH2), 3.84 (s, 2H, βCH2), 3.58 – 3.45 (m, 8H, 

εCH2), 3.39 (t, J = 5.7 Hz, 2H, δCH2), 3.20 (dd, J = 11.5, 5.8 Hz, 2H, γCH2). 
13C NMR 

(500 MHz, DMSO-d6) δC 164.5 (C=O), 161.5, 144.9 (μCq), 143.0 (νCq), 133.9 (Cq 

triazole), 126.3 (2 κArCH), 125.25 (2λArCH), 122.84 (θCH), 69.7/ 69.6/ 69.5 (4 × 

εCH2), 68.7 (ζCH2), 68.6 (γCH2), 54.8, 49.7 (ηCH2 triazole),48.6, 29.4 (βCH2). LRMS 

(ESI+): m/z = 544, 542 [M+Na; 81Br, 79Br]+; 522, 520 [M+H; 81Br, 79Br]+. HRMS (ESI+) 

Calcd for C18H26
79BrN5NaO6S

+: 542.0679. Found: 542.0681. 
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Benzyl azide (23) 

 

Synthesized according to a literature procedure.46 To a solution of benzyl bromide (0.59 

mL, 5 mmol) in H2O:Acetone (1:3) was added NaN3 (650 mg, 10 mmol) and the 

solution stirred overnight at rt. Diethyl ether (20 mL) was added and the aqueous layer 

extracted (3×20 mL). The organic layers were combined and dried (MgSO4) before the 

solvent was removed in vacuo to give a yellow oil (0.507, 76%). Rf 0.44 (90:10 

DCM/MeOH). 1H NMR (500 MHz, CDCl3) δH 7.45-7.11 (m, 5H, 5 × ArCH), 4.40 (s, 

2H, CH2) ppm. 1H NMR matches reported literature values.89  

TBTA (24) 

 

Synthesized according to an adapted literature procedure.90 Benzyl azide (220 mg, 1.65 

mmol, 23) was combined with tripropargylamine (69 mg, 0.562 mmol) before 

CuSO4•5H2O (22 mg, 0.0825 mmol) and sodium ascorbate (49 mg, 0.25 mmol) was 

added. The reaction was carried out in solvent free conditions and the reaction stirred 

overnight at rt. DCM (20 mL) and H2O (20 mL) were added and the aqueous layer 

further extracted with DCM (3×20 mL). The organic layers were combined. dried 

(MgSO4) and the solvent was removed in vacuo to give yellow oil that crystallized once 

air was applied (0.2766 g, 99%). Rf (90:10 EtOAc/MeOH) m.p. 142-144 °C. 1H NMR 

(500 MHz, CDCl3) δH 7.72 (br s, 3H, CH triazole), 7.34-7.13 (m, 15H, Ar), 5.42 (s, 6H, 

3 × βCH2), 3.71 (br s, 6H, 3 × αCH2). LRMS (ESI+): m/z = 531 [M+H]+. 1H NMR 

matches reported literature values.42  
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Tri-tert-butyl 1,4,7,10-Tetraazacyclododecane-1,4,7-triacetate (25) 

 

Synthesized according to a literature procedure.25 Cyclen (2 g, 12 mmol), NaHCO3 

(3.11 g, 36 mmol) and t-butylbromoacetate (5.25 mL, 35 mmol) were combined in 210 

mL acetonitrile and the reaction mixture stirred at rt for 48 h. The solution was filtered 

and the trapped solids washed with MeCN (15 mL). The fitrate was evaporated and the 

residual solid broken up and treated with excess diethyl ether (200 mL). The precipitate 

was isolated by filtration and washed with diethyl ether (150 mL) before drying at 80 °C 

to give the title compound as a white powder (4.1181 g, 69%). Rf 0.49 (90:10 

DCM/MeOH) m.p. 190 °C. 1H NMR (500 MHz, DMSO-d6) δH 8.82 (s, br, 1H, NH), 

3.41 (s, 4H, 2 × βCH2), 3.35 (s, 2H, β1CH2), 2.98 (m, 4H, εCH2), 2.84 (m, 4H, δCH2 or 

αCH2), 2.74-2.64 (m, 8H, δCH2 or αCH2), 1.44-1.40 (m, 27H, 3 × (ηCH3)3).
 13C NMR 

(500 MHz, DMSO-d6) δC 171.0 (2 × γC=O), 170.5 (γ1C=O), 81.1 (ζCq), 81.0 (ζ1Cq), 

56.6 (2 × βCH2), 52.6 (β1CH2), 51.7 (2 × εCH2), 50.2 (αCH2 or δCH2), 48.9 (αCH2 or 

δCH2), 46.0 (αCH2 or δCH2), 28.4 & 28.3 (3 × (ηCH3)). LRMS (ESI+): m/z 515 

[M+H]+. The 1H NMR and 13C data matches reported literature values.25,91 

 

Tri-tert-butyl 2,2',2''-(10-(2-oxo-2-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (21) 

 

 

Compound 25 (109 mg, 0.21 mmol), 18 (85 mg, 0.21 mmol) and K2CO3 (58 mg, 0.42 

mmol) were dissolved in anhyd MeCN (5 mL) and the reaction mixture was stirred 

overnight at rt under an inert atmosphere. The mixture was filtered through celite® and 

washed with MeOH. The residue was purified by flash column chromatography 

(gradient 100% DCM→ 85:15 DCM/MeOH). Appropriate fractions were collected 
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together and the product was isolated as a hygroscopic solid (59.3 mg, 33%). Rf 0.04 

(95:5 DCM:MeOH). 1H NMR (400 MHz, DMSO-d6, 85 °C) δH 8.63 (s, 1H, CH 

triazole), 8.17 (t, J = 5.38 Hz, 1H, NH), 7.98 (m, 2H, 2  ArCH), 7.91 (m, 2H, 2  

ArCH), 7.20 (s, 2H, SO2NH2), 4.45 (t, J = 7.1 Hz, 2H, εCH2), 3.53 (MeOH), 3.19 (m, 

2H, γCH2), 3.08 (s, 6H, τCH2), 2.94 (dt, J = 42.0, 5.2 Hz, 2H, CH2 Aza), 2.61 (br, 7H, 

CH2 Aza), 2.30 (br, 7H, CH2 Aza), 2.10 (quint, J = 6.9 Hz, 2H, δCH2), 1.44 (s, 9H, tBu), 

1.40 (s, 18H, 2  tBu). 13C NMR (75.5 MHz, DMSO-d6) δC 172.5 (CO), 172.2 (2 × CO), 

171.6 (CO), 145.0 (Cq triazole), 143.1 (Cq Ar), 133.9 (Cq Ar), 126.4 (2  ArCH), 125.3 

(2  ArCH), 122.5 (CH triazole), 81.1 (Cq tBu), 80.9 (2 × Cq tBu), 69.8(MeOH), 60.18 

(τCH2), 55.7 (τCH2), 55.3 (τCH2), 54-49 - CH2 Aza in baseline, 47.6 (εCH2), 36.0 

(γCH2), 29.6 (δCH2), 27.9 (βCH3), 27.5 (CH3
 tBu). LRMS (ESI+): m/z = 836 [M+H]+. 

HRMS (ESI) Calcd for C39H65N9NaO9S
+:858.4518. Found: 858.4513. 

 

Tri-tert-butyl 2,2',2''-(10-(2-oxo-14-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)-

6,9,12-trioxa-3-azatetradecyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate 

(22) 

  

Compound 19 (0.196 g, 0.37 mmol), 25 (253 mg, 0.49 mmol) and K2CO3 (68 mg, 0.49 

mmol) were dissolved in anhyd MeCN (8 mL) and stirred at 60 °C for 3h under an inert 

atmosphere. The reaction mixture was filtered through celite® and washed (MeCN), 

concentrated and the remaining residue purified by column chromatography (90:10 

DCM: MeOH). Fractions were monitored by HPLC and positive fractions combined to 

give the title compound as a hygroscopic off-white solid (0.268 g, 76%). Rf 0.28 (90:10 

DCM/MeOH). 1H NMR (500 MHz, DMSO-d6) δH 8.67 (s, 1H, CH triazole), 8.18 (t, J = 

5.9 Hz, 1H, NH), 8.02 (m, 2H, 2  ArCH), 7.90 (m, 2H, 2  ArCH), 7.37 (s, 2H, 

SO2NH2), 4.59 (t, J = 5.1 Hz, 2H, ηCH2), 3.88 (t, J = 5.1 Hz, 2H, ζCH2), 3.50 (m, 8H, 

εCH2), 3.41 (t, J = 5.94 Hz, 2H, δCH2), 3.21 (m, 2H, γCH2), 3.1 - 2.0 (br, m, 24H, Aza 

CH2, βCH2, 3  τCH2), 1.43 (s, 9H, tBu), 1.41 (s, 18H, 2   tBu). 13C NMR (125 MHz, 

DMSO-d6) δC 172.5 (C=O), 172.1 (2 × C=O), 171.6 (C=O), 144.9 (Cq triazole), 143.1 

(Cq Ar), 134.0 (Cq Ar), 126.3 (2  ArCH), 125.2 (2  ArCH), 122.8 (CH triazole), 81.1 
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(Cq tBu), 80.9 (2× Cq tBu), 69.6 -69.5 (εCH2, βCH2), 68.8 (ζCH2), 68.5 (δCH2), 59.7 

(τCH2), 55.7 (τCH2), 55.3 (τCH2), 49.7 (ηCH2), 38.5 (γCH2), 27.5 (CH3 tBu), CH2 Aza 

peaks masked in baseline. LRMS (ESI+): m/z = 954 [M+H]+. HRMS (ESI) Calcd for 

C44H75N9NaO12S
+: 976.5148. Found: 976.5155. 

 

2,2',2''-(10-(2-oxo-2-(((1-(4-sulfamoylphenyl)-1H-1,2,3-triazol-4-yl)methyl)amino)ethyl)-

1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (1) 

 

 

17 (32 mg, 0.06 mmol), 25 (68 mg, 0.18 mmol) and K2CO3 (66 mg, 0.48 mmol) were 

suspended in MeCN (5 mL) and heated at reflux for 48 h, precipitating the title 

compound as an orange solid. The solvent was removed in vacuo and the residue 

resuspended in DCM (10 mL). After filtering through filter paper, the filtrate was 

concentrated in vacuo to give the intermediate 20 (41 mg, 0.05 mmol, 85%) (LRMS 

(ESI+): m/z = 808 [M+H]+). 20 (41 mg, 0.05 mmol) was dissolved in formic acid (2 mL) 

and was left to stir at 50 °C overnight. Removal of the tBu protecting groups was 

monitored by LRMS. Water (10 mL) was added and then the solvent removed in vacuo 

and the title compound isolated as a hygroscopic white gum (32 mg, quant). LRMS 

(ESI+): m/z = 640 [M+H]+. HRMS (ESI-) Calcd for C25H37N9O9S
-: 638.2362. Found: 

638.2345. Characterisation based solely on MS. 
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2,2',2''-(10-(2-Oxo-2-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid  

(3) 

 

 

Compound 21 (87.7 mg, 0.1 mmol) was dissolved in DCM/TFA (1:1) (8 mL) and 

stirred at 40 °C for 3 h. Reaction progress was monitored by LCMS and RP-18 TLC. 

The solvent was removed in vacuo and then co-evaporated with water (315 mL) 

followed by lyophilization. Rf 0.76 (50:50 MeOH/H2O RP-18 TLC). Samples for 

radiolabelling were purified using HPLC (isocratic 7:93 MeCN: H2O +0.1% Formic 

acid - Atlantis T3 C18, 19 × 150 mm, 10 µM). 1H NMR (500 MHz, DMSO-d6) δH 8.69 

(s, 1H, CH triazole), 8.57 (t, J = 5.2 Hz, 1H, NH), 8.01 (m, 2H, 2ArCH), 7.90 (s, 2H, 

2ArCH), 7.38 (s, 2H, SO2NH2), 4.48 (t, J = 6.8 Hz, 2H, εCH2), 4.1-3.0 (m, signals 

masked by broad H2O peak), 2.18 (q, J = 5.1 Hz, 2H, γCH2NH), 2.08 (qn, 2H, δCH2). 

LRMS (ESI+): m/z = 668 [M+H]+. HRMS (ESI+) Calcd for C27H42N9O9S
+: 668.2821. 

Found: 668.2819. 

 

2-[4,10-Bis(carboxymethyl)-7-[[[2-[2-(2-[2-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-

1-yl]ethoxy]ethoxy)ethoxy]ethyl]carbamoyl]methyl]1,4,7,10 tetraazacyclododecan-

1-yl]acetic acid (4). 

 

Compound 22 (0.219 mg, 0.23 mmol) was dissolved in formic acid (10 mL) or 

TFA/DCM (1:1) and stirred at 60 °C. The reaction was monitored by HPLC. On 

completion, water (10 mL) was added and then the solvent removed in vacuo and then 

co-evaporated with water (3) followed by lyophilization. The sample was purified by 
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reverse phase column chromatography using a gradient of 100% H2O → 95:5 

MeOH:H2O and the product isolated as a hygroscopic white gum (144 mg, 80%). Rf 

0.53 (50:50 MeOH:H2O RP-18 TLC).  Samples were further purified via HPLC prior to 

radiolabelling (Isocratic 10:90 MeCN: H2O +0.1% Formic acid - Atlantis T3 C18, 

19*150 mm, 10 µM). 1H NMR (500 MHz, DMSO-d6) δH 8.67 (s, 1H, CH triazole), 8.17 

(br, 1H, NH), 8.02 (m, 2H, 2  ArCH), 7.90 (m, 2H, 2  ArCH), 7.38 (s, 2H, SO2NH2), 

4.60 (t, J = 5.0 Hz, 2H, ηCH2), 3.88 (t, J = 5.3 Hz, 2H, δCH2), 3.51 (m, 15H, εCH2, 

βCH2), remaining signals masked by broad H2O peak. LRMS (ESI+): m/z 786 [M+H]+. 

HRMS (ESI+) Calcd for C32H51N9NaO12S
+: 808.3281. Found: 808.3278.  

2-bromo-N-(3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl)acetamide (26) 

 

Synthesized according to an adapted literature procedure.88 CuSO4•5H2O (2.4 mg, 9.8 

µmol) and sodium ascorbate (19 mg, 98 µmol) were combined in H2O (1 mL) and 

added to a solution of phenylacetylene (108 µL, 0.98 mmol), 11 (0.238 g, 1.08 mmol) 

and TBTA (5 mg, 9.8 μmol) in DMSO (2 mL) and the mixture was left to stir at 

overnight at rt. H2O (20 mL) was added and the resulting filtrate isolated via filtration 

and washed with H2O and hexane. The resultant green solid was redissolved in EtOAc/ 

EDTA (1.0M) in ammonium hydroxide (28.0-30.0% NH3 basis) solution. The organic 

layers were washed with EDTA (1.0M) in ammonium hydroxide (28.0-30.0% NH3 

basis) solution, dried (MgSO4) and the solvent removed in vacuo to give a white solid 

(0.0924g, 29%).  Rf 0.29 (90:10 DCM/MeOH), m.p. 144°C. 1H NMR (600 MHz, 

DMSO-d6) δ 8.58 (s, 1H, ζCH), 8.42 (t, 1H, J = 5.58 Hz, NH), 7.85-7.81 (m, 2H, ArCH 

× 2), 7.47-7.42 (m, 2H, ArCH × 2), 7.35-7.31 (m, 1H, CH), 4.42 (t, 2H, J = 7.12 Hz, 

εCH2), 3.85 (s, 2H, βCH2), 3.12 (q, 2H, J = 5.43, 2.83Hz, γCH2), 2.03 (quint, 2H, J = 

6.85 Hz, δCH2). 
13C NMR (125 MHz, DMSO-d6) δ 166.2 (CO), 146.3 (Cq), 130.8 (Cq), 

128.9 (2 ×ArCH), 127.8 (2 ×ArCH), 125.1 (ArCH), 121.4 (ζCH), 47.3 (εCH2), 36.3 

(γCH2), 29.49 (βCH2 or δCH2), 29.47 (βCH2 or δCH2). LRMS (ESI+): m/z = 325, 323 

[M+H; 81Br, 79Br]+. HRMS (ESI+) Calcd for C13H15
79BrN4O

+: 345.0321. Found: 

345.0321. 
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2-bromo-N-(2-(2-(2-(2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl) 

acetamide (27) 

 

Synthesised according to an adapted literature procedure.88 CuSO4•5H2O (2.4 mg, 9.8 

µmol) and sodium ascorbate (19 mg, 98 µmol) were combined in 1 mL H2O and added 

to a solution of phenylacetylene (108 µL, 0.98 mmol), 12 (0.366 g, 1.08 mmol) and 

TBTA (5.2 mg, 9.8 μmol) in DMSO (2 mL) and the mixture was left to stir at overnight 

at rt. H2O (15 mL) was added and extracted with EtOAc (20 mL × 3). The organic 

layers were combined and washed with EDTA (1.0M) in ammonium hydroxide (28.0-

30.0% NH3 basis) solution (1 × 100 mL). The organic layers were dried (MgSO4) and 

the solvent removed in vacuo and the residue purified by flash column chromatography 

(EtOAc/MeOH 90:10 DCM/MeOH) to give the title compound as a yellow gum (0.2796 

g, 65%). Rf 0.27 (97:3 EtOAc/MeOH). 1H NMR (500 MHz, DMSO-d6) δH  8.53 (s, 1H, 

CH triazole), 8.32 (br t, 1H, J = 4.81 Hz NH), 7.85-7.82 (m, 2H, 2 × ArCH), 7.47-7.42 

(m, 2H, 2 × ArCH), 7.35-7.31 (m, 1H, ArCH), 4.57 (t, 2H, J = 5.78 Hz, ηCH2), 3.87 (t, 

2H, J = 5.50 Hz, ζCH2) 3.84 (s, 2H, βCH2), 3.56-3.43 (m, 8H, εCH2) 3.37 (t, 2H, J = 

5.78 Hz, δCH2), 3.20 (q, 2H, J = 5.80, 5.62 Hz, γCH2). 
13C NMR (125 MHz, DMSO-d6) 

δC 166.0 (αC=O), 146.2 (Cq), 130.8 (Cq), 128.9 (2×ArCH), 127.8 (2×ArCH), 125.1 

(ArCH), 121.7 (CH triazole), (69.7, 69.6, 69.6, 68.7 & 68.6 (εCH2, γCH2 and δCH2)), 

49.6 (ηCH2), 30.7 (βCH2). LRMS (ESI+): m/z = 443, 441 [M+H; 81Br, 79Br]+. HRMS 

(ESI+) Calcd for C18H25
79BrN4O4

+: 441.1132. Found: 441.1151. 

 

 

 

 

 

 

 



                                                                                                                                                Chapter 2 

148 

 

Tri-tert-butyl2,2',2''-(10-(2-oxo-2-((3-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl) 

amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (59) 

 

26 (150 mg, 0.46 mmol), 25 (239 mg, 0.46 mmol) and K2CO3 (127 mg, 0.92 mmol) 

were combined in anhyd MeCN (10 mL) and stirred at 35 °C for 24 h under an inert 

atmosphere. The reaction mixture was purified by flash column chromatography (90:10 

DCM/MeOH) and the product was isolated as a oil that solidified upon standing 

(0.1579g, 39%). Rf 0.28`(90:10 DCM/MeOH), m.p. 114-119 °C. 1H NMR (600 MHz, 

DMSO-d6) δ 8.53 (s, 1H, ζCH), 8.24 (t, 1H, J = 5.80 Hz, NH), 7.84-7.80 (m, 2H, 2 × 

θArCH), 7.47-7.42 (m, 2H, 2 × ιArCH), 7.36-7.30 (m, 1H, κArCH), 4.40 (t, 2H, J = 

7.44 Hz, εCH2), 3.30-1.90 (Contains aza macrocycle peaks, 3× τCH2, δCH2 and γCH2), 

1.44-1.44 (m, 27H, tBu).13C NMR (126 MHz, DMSO-d6) δC 172.8 (CO), 172.4 (CO), 

171.9 (CO), 170.9(CO), 146.6 (Cq), 130.9 (Cq), 129.1 (2 × ιArCH), 128.12 (1 × 

κArCH), 125.31 (2 × θArCH), 121.4 (ζCH), 52.3/49.8/48.7/45.3 (2C, λCH2/τCH2), 47.7 

(εCH2), 45.3 (CH2), 36.3 (γCH2) 29.9 (δCH2), 28.05 (3 × (CH3)3), 27.73 (tBu). 

Azamacrocycle peaks and τCH2 peaks are broad and merge into the baseline (see 

Appendix A for spectra) LRMS (ESI+): m/z = 757 [M+H]+. HRMS (ESI+) Calcd for 

C39H64N8O7
+: 757.4971. Found: 757.4962. 

Tri-tert-butyl 2,2',2''-(10-(2-oxo-14-(4-phenyl-1H-1,2,3-triazol-1-yl)-6,9,12-trioxa-

3-azatetradecyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (29) 

 

27 (123.4 g, 0.28 mmol), 25 (158 mg, 0.30 mmol) and K2CO3 (78 mg, 0.56 mmol) were 

combined in anhyd MeCN (10 mL) and stirred at 45 °C for 16 h under an inert 
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atmosphere, before the temperature raised to 60 °C. Upon 27 consumption, the mix was 

filtered, the solvent removed in vacuo and the residue purified by flash column 

chromatography (100% DCM → 95:5 DCM/MeOH). Fractions containing 29 were 

recollected and repurified by flash column chromatography (98:2 DCM/MeOH) and the 

product was isolated as a white powder (0.1694 g, 69%). Rf 0.17 (95:5 DCM/MeOH), 

m.p. 169-173 °C. 1H NMR (500 MHz, DMSO-d6) δH  8.52 (s, 1H, CH triazole), 8.20 (br 

t, 1H, J = 5.86 Hz, NH), 7.86-7.81 (m, 2H, 2 × θArCH), 7.47-7.41 (m, 2H, 2 × ιArCH), 

7.36-7.30 (m, 1H, κArCH), 4.56 (t, 2H, J = 5.68 Hz, ηCH2), 3.86 (t, 2H, J = 5.26 Hz, 

ζCH2), 3.56-3.43 (m, 10H, εCH2, δCH2), 3.20 (q, 2H, J = 5.71, γCH2), 1.45-1.38 (m, 

27H, tBu). Broad multiplets in baseline of azamacrocycle, (λCH2, τCH2 22H) 3.33 - 

1.65 masked by broad water peak precluding complete peak assignment. 13C NMR (125 

MHz, DMSO-d6) δC 173.6 (CO), 172.5 (CO), 172.1 (CO), 171.7 (CO), 146.2 (Cq), 

130.8 (Cq), 128.9 (2 × ιArCH), 127.8 (κArCH), 125.1 (2 × θArCH), 121.7 (CH 

triazole), 80.9 (5 × εCH2), 69.6 (ζCH2), 49.6 (ηCH2), 38.6 (γCH2), 27.6 (3 × tBu). λCH2 

and τCH2 buried in baseline of 13C NMR, βCH2 hidden under water peak in 1HNMR. 

LRMS (ESI+): m/z = 875 [M+H]+. HRMS (ESI+) Calcd for C44H74N8O10
+: 875.5601. 

Found: 875.5619. 
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2.6 Experimental – Generation II 

tert-butyl (3-azidopropyl)carbamate (33) 

 

Synthesized according to an adapted literature procedure.74 Boc anhydride (463 µL, 2.0 

mmol) in 1,4-dioxane (1 mL) was added dropwise to a cooled (0 °C) solution of 14 (250 

mg, 1.83 mmol) and KOH (113 mg, 2.0 mmol) in H2O (2 mL). After 1 h at 0 °C, the 

reaction was stirred at rt for 3.5 h. H2O (50 mL) was added and extracted with DCM 

(3×50 mL). The organic fractions were combined, dried (NaSO4) and the solvent 

removed in vacuo. The residue was purified by flash column chromatography (2:3, 

EtOAc/Hexane) to give the title compound as a colourless oil (0.3127g, 85%). Rf 0.6 

(1:1 EtOAc/Hexane). 1H NMR (500 MHz, CDCl3) δ 4.66 (s, 1H, NH), 3.35 (t, 2H, J = 

6.58 Hz, εCH2), 3.23-3.17 (m, 2H, γCH2), 1.76 (qn, 2H, J = 6.63 Hz, δCH2), 1.44 (s, 

9H, 3 × ηCH3). 
13C NMR (125 MHz, CDCl3) δ 156.1 (αC=O), 79.6 (ζCq), 49.3 (εCH2), 

38.2 (γCH2), 29.4 (δCH2), 28.5 (3 × ηCH3). LRMS (ESI+): m/z = 223 [M+Na]+. 1H 

NMR data matches reported literature values.92   

tert-butyl (2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)carbamate (34) 

 

Synthesized according to an adapted literature procedure.74 Boc anhydride (0.28 mL, 

1.0 mmol) in 1,4-dioxane (1 mL) was added dropwise to a cooled (0 °C) solution of 16 

(200 mg, 0.91 mmol) and KOH (57 mg, 1.0 mmol) in H2O (2 mL). After 1 h at 0 °C, the 

reaction was stirred at rt for 3.5 h. The reaction was quenched with H2O (50 mL) and 

extracted with DCM (3×50 mL). The organic fractions were combined, dried (NaSO4) 

and the solvent removed in vacuo. The residue was purified and isolated by flash 

column chromatography (EtOAc/Hexane 1:1) to give the title compound as a straw 

yellow oil (0.272 g, 94%). Rf 0.4 (1:1 EtOAc/Hexane). Complete assignment of the 

NMR was precluded by overlapping peaks, hence the peaks are assigned where 

possible. 1H NMR (500 MHz, DMSO-d6) δ 6.71 (br t, 1H, J = 5.32 Hz, NH), 3.62-3.58 

(m, 2H, PEG), 3.58-3.47 (m, 8H, PEG), (m, 4H, PEG), 3.07 (q, 2H, J = 6.01, 5.89 Hz, 

γCH2), 1.37 (s, 9H, 3 × CH3). 
13C NMR (125 MHz, DMSO-d6) δC 156.0 (CO), 78.0 

(Cq), 71.0 (CH2), 70.3-69.6 (CH2PEG, 6CH2), 50.5 (CH2), 44.0, 28.6 (3 × CH3). γCH2 
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& δCH2 both hidden under DMSO signal in 13C NMR. LRMS (ESI+): m/z = 341 

[M+Na]+. 1H NMR was rerun in CDCl3 and 1H matches reported literature values.93 

tert-butyl (3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)propyl)carbamate, (35) 

 

Synthesized according to an adapted literature procedure.88 33 (134 mg, 0.61 mmol) 

was combined in EtOH (2 mL) with 9 (0.1 g, 0.55 mmol). In a separate vessel, 

CuSO4•5H2O (27 mg, 0.11 mmol) and sodium ascorbate (44 mg, 0.22 mmol) were 

combined in H2O (1 mL). This was agitated until a bright orange colour was observed 

and then combined to the EtOH solution and stirred at 40 °C. Once complete, H2O (30 

mL) and DCM (30 mL) were added and aqueous layer extracted a further 2× with DCM 

(30 mL). The organic fractions were combined and washed with EDTA (1 M) in 

ammonium hydroxide (28.0-30.0% NH3 basis). The organic layers were dried (MgSO4) 

and the solvent removed in vacuo. The residue was purified by flash column 

chromatography (100% EtOAc) and the title compound isolated as a solid (52%, 0.1094 

g). Rf 0.65 (100% EtOAc). m.p. 183-186 °C 1H NMR (500 MHz, DMSO-d6) δ 8.71 (s, 

1H, trizole CH), 8.04-7.99 (m, 2H, 2 × ArCH), 7.91-7.87 (m, 2H, 2 × ArCH), 7.38 (s, 

2H, SO2NH2), 6.96 (t, 1H, J = 5.5 Hz, NH), 4.42 (t, 2H, J = 7.04 Hz, εCH2), 2.97 (q, 

2H, J = 6.52 Hz, γCH2), 1.99 (qn, 2H, J = 6.85 Hz, δCH2), 1.38 (s, 9H, 3 × ηCH3).
13C 

NMR (125 MHz, DMSO-d6) δ 155.6 (CO), 145.0 (Cq), 143.1 (Cq), 134.0 (Cq), 126.4 (2 

× ArCH), 125.3 (2 × ArCH), 122.6 (CH triazole), 77.7 (Cq), 47.5 (εCH2), 37.1 (γCH2), 

30.0 (δCH2), 28.2 (3 × ηCH3). LRMS (ESI-): m/z = 426 [M-H+HCO2H]-, 380 [M-H]-. 

HRMS (ESI+) Calcd for C16H23N5O4S
+: 382.1544. Found: 382.1568. 
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tert-butyl (2-(2-(2-(2-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy) 

ethyl) carbamate (36) 

 

 

Synthesized according to an adapted literature procedure.88 34 (386 mg, 1.21 mmol) 

was combined in DMSO (4 mL) with 9 (0.2 g, 1.1 mmol). In a separate vessel 

CuSO4•5H2O (55 mg, 0.22 mmol), sodium ascorbate (87 mg, 0.44 mmol) were 

combined in H2O (2 mL). This was agitated until a bright orange colour was observed 

and then combined with the DMSO solution and stirred for 5 h at rt. Once complete, 

H2O (50 mL) and DCM (50 mL) were added and aqueous layer extracted a further 2× 

with DCM (50 mL). The organic fractions were combined and washed with EDTA (1 

M) in ammonium hydroxide (28.0-30.0% NH3 basis). The organic layers were dried 

(MgSO4) and the solvent removed in vacuo. The residue was purified by flash column 

chromatography (EtOAc/Hexane 1:1 → 100% EtOAc) and the title compound isolated 

as a colourless oil (86%, 0.472 g). Rf 0.19 (100% EtOAc). 1H NMR (500 MHz, DMSO-

d6) δ 8.67 (s, 1H, CH), 8.06-8.01 (m, 2H, CHAr), 7.91-7.86 (m, 2H, CHAr), 7.38 (s, 2H, 

SO2NH2), 6.73 (t, 1H, J = 4.84 Hz, NH), 4.59 (t, 2H, J = 4.84 Hz, ηCH2), 3.88 (t, 2H, J 

= 5.03 Hz,ζCH2), 3.58-3.41 (m, 8H, εCH2), 3.33 (t, 2H, merged with H2O peak, δCH2), 

3.03 (q, 2H, 5.90 Hz, γCH2), 1.35 (s, 9H, 3 × CH3). 
13C NMR (125 MHz, DMSO-d6) δ 

155.6 (CO), 145.0 (Cq), 143.1 (Cq), 134.0 (Cq), 126.4 (2 × ArCH), 125.3 (2 × ArCH), 

122.9 (CH triazole), 77.6 (Cq), (69.7, 69.6, 69.6, 69.5, 69.1 εCH2 & ζCH2) 68.6 (δCH2), 

49.8 (ηCH2), 28.2 (3 × CH3). 
13C NMR γCH2 hidden under DMSO-d6 (39.52 ppm). 

LRMS (ESI+): m/z = 500 [M+H]+. HRMS (ESI+) Calcd for C21ClH33N5O7S
+: 534.1795. 

Found: 534.1834. 
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4-(1-(3-aminopropyl)-1H-1,2,3-triazol-4-yl)benzenesulfonamide (37) 

  

35 (48 mg, 0.125 mmol) was combined in DCM/TFA (1 mL) and the mix allowed to 

stir at rt. After 20 h, the solvent was removed in vacuo and the flask co-evaporated with 

tolunene (3 × 10 mL) to give the product as an off-white hydroscopic solid (100%) Rf 

0.47 (6:3:1 MeCN/NH3/MeOH) m.p. 172-176 °C. Alternatively, the product can be 

purified by flash column chromatography (8:1:1 MeCN/MeOH/NH3).
1H NMR (500 

MHz, DMSO-d6) δ 8.73 (s, 1H, CH triazole), 8.05-8.00 (m, 2H, 2 × ArCH), 7.92- 7.88 

(m, 2H, 2 × ArCH), 7.80 (br s, 2H, NH2), 7.40 (s, 2H, SO2NH2), 4.54 (t, 2H, J = 6.89 

Hz, εCH2), 2.87 (q, 2H, J = 6.94Hz, γCH2), 2.16 (qn, 2H, J = 7.50 Hz, δCH2). 
13C NMR 

(201 MHz, DMSO-d6) δ 145.2 (Cq), 143.2 (Cq), 133.8 (Cq), 126.4 (2 × ArCH), 125.3 

(2 × ArCH), 122.7 (CH triazole), 46.9 (εCH2), 36.4 (γCH2), 27.8 (δCH2). LRMS (ESI+): 

m/z = 282 [M+H]+. HRMS (ESI+) Calcd for C11H15N5O2S
+: 282.1019. Found: 282.1026. 

4-(1-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl) 

benzenesulfonamide (38) 

 

 

36 (0.1086 g, 0.2 mmol) was dissolved in TFA/DCM (1:1) and the reaction stirred at 

room tempteraure for 6 h. The solvent was removed in vacuo and the residue co-

evaporated with toluene (15 mL × 3). The product was purified by flash column 

chromatography (8:1:1 MeCN/MeOH/NH3) and was isolated as a yellow oil (0.0673 g, 

84%). Rf 0.61 (8:1:1 MeCN/NH3/MeOH). 1H NMR (500 MHz, DMSO-d6) δ 8.68 (s, 

1H, CH triazole), 8.05-8.00 (m, 2H, 2 × ArCH), 7.91-7.87 (m, 2H, 2 × ArCH), 4.60 (t, 

2H, J = 5.27 Hz, ηCH2), 3.88 (t, 2H, J = 5.27 Hz, ζCH2), 3.51 (m, 8H, εCH2), triplet 

hidden under water peak, 2.68 (t, 2H, γCH2). The SO2NH2 and NH2 peaks were not 

observed by 1H NMR but MS confirmed total deprotection. 13C NMR (125 MHz, 
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DMSO-d6) δ 145.4 (Cq), 143.6 (Cq), 134.4 (Cq), 126.9 (2 × ArCH), 125.7 (2 × ArCH), 

123.4 (CH triazole), 71.75 (δCH2), 70.15/70.1/70.07/70.02 (εCH2), 69.0 (ζCH2), 50.2 

(ηCH2), 41.0 (γCH2). LRMS (ESI+): m/z = 400 [M+H]+. HRMS (ESI+) Calcd for 

C16H25N5O5S
+: 400.1649. Found: 400.1684. 

(Ethane-1,2-diylbis(tosylazanediyl))bis(ethane-2,1-diyl)bis(4methyl 

benzenesulfonate ) (39) 

 

Synthesized according to a literature procedure.94  

Anhyd Et3N (4.3 mL) was added to a solution of DMAP (412 mg, 3.37 mmol) and  

Bis(hydroxyethyl)ethylenediamine (500 mg, 3.37 mmol) in anhyd DCM (20 mL) and 

cooled to 0 °C. To this, a solution of  p-tolunenesulfonylchloride (2.86 g, 14.84 mmol) 

anhyd DCM (10 mL) was added. The reaction was kept at 0 °C for 1 h then left to stir at 

rt overnight. The solvent was removed in vacuo and mixture purified using column 

chromatography (EtOAc/Hexane, 2:3 → 100% EtOAc) and the product was isolated as 

a white solid (2.186 g, 81%).  Rf 0.18 (95:5 DCM/MeOH), m.p. 144-146 °C. 1H NMR 

(500 MHz, CDCl3) δH  : 7.79-7.75 (m, 4H, 4 × ArCH), 7.73-7.69 (m, 4H, 4 × ArCH), 

7.36-7.31 (m, 8H, 4 × ArCH), 4.14 (t, 4H, J = 5.38 Hz, αCH2 × 2), 3.36 (t, 4H, J = 

4.80Hz, 2 × βCH2), 3.30 (s, 4H, 2 × γCH2), 2.44 (s, 12H, 4 × CH3). 
1H NMR (500 MHz, 

DMSO) δH 7.73 (m, 4H, 4 × ArCH), 7.62 (m, 4H, 4 × ArCH), 7.48-7.40 (m, 8H, 8 × 

ArCH), 4.05 (t, 4H, J = 5.37 Hz, 2 × αCH2), 3.31 (t, 4H, J = 5.59 Hz, 2 × βCH2), 3.04 (s, 

4H, γCH2), 2.41 (m, 12H, 3 × CH3). 
13C NMR (125 MHz, DMSO-d6) δC 145.7 (2 × 

Cq), 144.2 (2 × Cq), 135.5 (2 × Cq), 132.4 (2 × Cq), 130.7 (4 × TsArCH), 130.4 (4 × 

TsArCH), 128.1 (4 × TsArCH), 127.5 (4 × TsArCH), 69.0 (CH2), 48.3 (CH2), 48.3 

(CH2), 21.6 (CH2). LRMS (ESI-): m/z = 763 [M-H]-. 1H NMR Matches reported 

literature values.94 

N,N'-(ethane-1,2-diyl)bis(N-(2-hydroxyethyl)-4-methylbenzenesulfonamide) (40) 

 
 

Synthesized according to an adapted literature procedure.59 Bis(hydroxyethyl)ethylene- 

diamine (148 mg, 1 mmol) was combined with DMAP (122 mg, 1 mmol),  Et3N (1.29 

mL, 9.2 mmol) in anhyd DCM (4 mL) and the mix cooled to 0 °C before TsCl (0.847 g, 
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4.4 mmol) was added. After stirring overnight (0 °C → rt), DCM (20 mL) and HCl (0.1 

M aq ×3) were added and the aqueous layer extracted a further 2× with DCM. The 

organic fractions were collected together, dried (MgSO4) and the solvent removed in 

vacuo. The residue was purified by flash column chromatography (95:5 DCM/MeOH) 

to give the title compound as a white solid (0.1403 g, 18%). Rf 0.19 (95:5 DCM/MeOH) 

m.p. 151-154 °C. 1H NMR (500 MHz, DMSO-d6) δ 7.69 – 7.65 (m, 4H, ArCH), 7.45 – 

7.40 (m, 4H, ArCH), 4.82 (t, 2H, J = 5.3 Hz, 2 × OH), 3.48 (q, 4H, J = 5.9 Hz, 2 × 

αCH2), 3.21 (s, 4H, 2 × γCH2), 3.12 (t, 4H, J = 6.1 Hz, 2 × βCH2), 2.40 (s, 6H, 2 × 

CH3).
13C NMR (125 MHz, DMSO) δ 143.2 (2 × Cq), 135.9 (2 × Cq), 129.9 (2 × 

ArCH), 126.9 (2 × ArCH), 59.7 (2 × αCH2), 51.4 (2 × βCH2), 48.0 (2 × γCH2), 21.0 (2 × 

CH3). LRMS (ESI+): m/z = 457 [M+H]+. HRMS (ESI+) Calcd for C20H28N2NaO6PS2
+: 

479.1281. Found: 479.1312. 

 

1-benzyl-4,7-ditosyl-1,4,7-triazonane, (41) 

 

Synthesized according to a literature procedure.59 Benzylamine (261 µL, 2.4 mmol) was 

added to a solution of 39 (1 g, 1.3 mmol) and K2CO3 (0.401 g, 2.9 mmol) in MeCN (50 

mL) and the reaction refluxed at 90 °C for 24 h. The solvent was removed in vacuo and 

the product purified via flash column chromatography (EtOAc/Hexane, 1:3) to give the 

title compound as a white solid (0.41 g, 60%). Rf 0.45 (1:3 EtOAC/Hexane), m.p. 142-

145 °C 1H NMR (500 MHz, DMSO-d6) δH  : 7.68-7.65 (m, 4H, 4 × TsArCH), 7.43-7.39 

(m, 4H, 4 × TsArCH), 7.32-7.25 (m, 4H, 4 × BzArCH), 7.23-7.18 (m, 1H, CH 

BzArCH), 3.67 (s, 2H, αCH2), 3.40-3.38 (m, 4H,  2 × aza CH2), 3.09-3.03 (m, 4H, 2 × 

aza CH2), 2.88-2.81 (m, 4H, 2 ×aza CH2), 2.39 (s, 6H, 2 × CH3). 
13C NMR (125 MHz, 

DMSO-d6) δ 143.2 (Cq), 139.3 (Cq), 135.0 (Cq), 129.7 (ArCH), 128.7 (ArCH), 128.2 

(ArCH), 127.0 (ArCH), 126.8 (ArCH), 60.3 (αCH2), 54.2 (2 × CH2), 51.2 (2 × CH2), 

50.5 (2 × CH2), 21.0 (2 × CH3). LRMS (ESI+): m/z = 528 [M+H]+. 1H NMR matches 

reported literature values.94 
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1,4,7-Triazacyclo[5.2.1.04.10] decane (43) 

 

Synthesized according to a literature procedure.64 Toluene (8 mL) was added to a 

solution of TACN (1g, 7.7 mmol) in CHCl3 (1.2 mL). DMFDMA (1.15 mL, 7.7 mmol) 

was added and the solution stirred at rt for 3-5 h. Once the reaction had reached 

completion, the solvent was removed in vacuo resulting in the isolation of a yellow oil 

(0.9972 g, 91%). Rf 0.5 (3:2:1 MeCN/MeOH/NH4OH).1H NMR (500 MHz, CDCl3) δH 

5.04 (br s, 1H, CH), 3.13-3.03 (m, 6H, CH2 aza), 2.84-2.74 (m, 6H, CH2 aza). 1H NMR 

(500 MHz, DMSO-d6) δH 4.67 (s, 1H, CH), 2.88-2.80 (m, 6H, CH2 aza), 2.76-2.68 (m, 

6H, CH2 aza). 13C NMR (125 MHz, DMSO) δC 103.9 (CH), 51.7 (6CH2 aza). LRMS 

(ESI+): m/z = 140 [M+H]+.1H NMR data matches reported literature values.64 

2a-benzyloctahydro-2a,4a,6a-triazacyclopenta[cd]pentalen-2-ium bromide (44) 

 

Synthesized according to a literature procedure.63 BnBr (0.918 µL, 7.7 mmol) was 

added dropwise to a solution of 43 (0.9772 g, 7.0 mmol) in THF (20 mL) and the 

reaction stirred at rt for 5 h upon which a white precipitate was observed. After ~5 h, the 

reaction mix was filtered, washed rapidly with THF and the precipitate isolated (1.8414 

g, 85 %). Rf 0.47 (3:2:1 MeCN/NH4OH/MeOH), m.p. 142 °C. 1H NMR (500 MHz, 

CDCl3) δH 7.68-7.63 (m, 2H, Ar), 7.51-7.42 (m, 3H, Ar), 5.83 (s, 1H, CH), 4.90 (s, 2H, 

αCH2), 4.11-3.99 (m, 4H, βCH2), 3.58-3.35 (m, 4H, γCH2), 3.35-3.18 (m, 4H, γCH2). 

LRMS (ESI+): m/z = 310 [M+H]+. 1H NMR data matches reported literature values.63 

1-Benzyl-1,4,7-triazacyclononane (42) 

 

Synthesized according to a literature procedure.59 44 (1.8414 g, 6 mmol) was added to a 

solution of in MeOH:HCl (6M aq) (25 mL) and the reaction left to stir at 90 °C 

overnight. The reaction mix was monitored by MS to ensure complete deprotection of 
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the bridging group. Once complete, the solvent was removed in vacuo and co-

evaporated with H2O (×3). CHCl3 (25 mL) was added and the reaction mixture was 

sonicated causing the HCl salt of 44 to precipitate. The precipitate was isolated and 

redissolved in H2O before Amberlyst® A21 catalyst was added. Once the reaction pH 

was neutral, the mix was filtered and the sample lyophilized overnight and a 

hygroscopic solid isolated (1.3 g, quantitative yield). Rf 0.33 (8:1:1 

MeCN/MeOH/NH4OH) m.p. 213-217 °C. 1H NMR (500 MHz, D2O) δH 7.50-7.43 (m, 

5H, Ar), 3.94 (s, 2H, αCH2), 3.64 (br s, 4H, βCH2), 3.26-3.22 (m, 4H, γCH2), 3.09-3.04 

(m, 4H, γCH2). 
13C NMR (125 MHz, D2O) δ 135.3 (Cq), 130.2 (2 × δCH), 128.9 (2 × 

δCH), 128.4 (εCH), 59.1 (αCH2), 47.8 (2 × γCH2), 43.7 (2 × γCH2), 42.2 (4 × βCH2). 

1H NMR matches reported literature values.59 

1,4,7-Triazacyclononane-1-benzyl-4,7-bis[methylene-(hydroxymethyl)phosphinic 

acid] (46) 

 

 

Synthesized according to a literature procedure.56 42 (1.28 g, 5.88 mmol) and 

paraformaldehyde (0.44 g, 14.6 mmol) were combined in a mixture of 50% aq H3PO2 

(6.6 mL, 60.6 mmol) and water (5 mL) and the reaction mixture was stirred for 12 h at 

rt. Solvent was removed in vacuo and the crude residue coevaporated with H2O (×3) 

prior to ion exchange chromatography (Dowex® 50 H+ form, 200-400 mesh). 

Intermediate 45 was eluted with EtOH/HCl (6M aq, 1:1) and the solvent removed in 

vacuo to give 45 as a yellow solid (1.06 g, 50%). Compound 45 was then redissolved in 

6 M HCl (20 mL) and paraformaldehyde (0.73 g, 24.3 mmol) added, and the solution 

refluxed for 5 h. The solvent was then removed in vacuo and the residue purified by 

flash column chromatography (2:1:3 MeCN/MeOH/NH3) Fractions containing the pure 

product were identified by 31P NMR, collected, and evaporated in vacuo, giving 46 

(0.894 g, 35%) in form of a dark-yellow solid. Rf 0.81 (3:2:1 NH3/MeCN/MeOH).1H 

NMR (500 MHz, DMSO-d6) δH 7.68-7.63 (m, 2H, Ar), 7.60-7.53 (m, 3H, Ar), 4.53 (s, 

2H, αCH2), 3.78-3.09 (m, 20H, CH2 ring/ βCH2/ γCH2).
 13C NMR (125 MHz, D2O) δ 

132.1 (ArC), 131.1 (2 × ArCH), 130.1 (CHAr), 129.5 (2 × ArCH), 60.2 (γCH2), 58.1 

45 46 
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(αCH2), 52.4 (βCH2, d, J = 4.61 Hz), 51.1 (ring CH2, 4C), 50.8 (ring CH2, 2C). 31P (162 

MHz, DMSO-d6) δP 33.30. 31P{1H} decoupling (162 MHz, DMSO-d6) δP 33.29. 1H 

NMR data matches reported literature values.56 

1, 4, 7-Triazacyclononane-1, 4-bis[methylene -(hydroxymethyl)phosphinic acid] 

(47) 

 

Synthesized according to a literature procedure.56 10% Pd/C (89 mg) was added to a 

solution of 46 (0.89 g, 2.04 mmol) in H2O (5 mL) and the mixture allowed to stir under 

H2 overnight and monitored by either MS or 31P NMR. Upon completion, the solvent 

was removed in vacuo to give a sticky gum (0.6447 g, 93%) that was taken forward 

without further purification. Rf 0.78 (3:2:1 NH3/MeCN/MeOH). 1H NMR (500 MHz, 

D2O) δH 3.58 (d, 4H, J = 6.41 Hz), 3.12 (t, 4H, J = 5.49 Hz), 2.98 (t, 4H, J = 5.80 Hz), 

2.93 (d, 4H, J = 7.47 Hz), 2.77 (s, 4H). 13C NMR (125 MHz, D2O) δC 59.8 (d, 2C, J = 

106.45 Hz, γCH2), 53.3 (d, 2C, J = 98.91 Hz, βCH2), 52.4 (d, 2C, J = 6.49 Hz, ring 

CH2), 48.4 (s, 2C, ring CH2) 43.5 (s, 2C, ring CH2). 
31P (162 MHz, DMSO-d6) δP 36.42 

(2P). 31P{1H} (162 MHz, DMSO-d6) δP 36.41 (2P). 1H NMR data matches reported 

literature values.56 

1, 4, 7-Triazacyclononane-1, 4-bis[methylene-(hydroxymethyl)phosphinic acid]-7-

[methylene(2-carboxyethyl)phosphinic acid] (NOPO). (48) 

 

Synthesized according to a literature procedure.56 47 (0.341 g, 0.987 mmol) and 50 

(0.2412 g, 1.7 mmol) were dissolved in 6 M aq HCl and heated to 75 °C. 

Paraformadehyde (130 mg, 4.4 mmol) was added during 12 h, every h, in small portions 

and the reaction mixture allowed to stir overnight at 75 °C. The solvent was removed in 

vacuo and 3× coevaporated with water (5 mL) before loading on cation exchange 

column (Dowex 50, H+ form). The column was eluted with water in fractions. Fractions 
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containing pure 48 were identified by 31P NMR, collected and evaporated in vacuo, and 

dried in a vacuum desiccator over P2O5. NOPO•0.6 H2O (0.3029 g, 62%) was obtained 

as a pale-yellow oil which solidified upon standing. Rf 0.28 (6:3:1 MeCN/NH3/MeOH). 

1H NMR (500 MHz, D2O) δH 3.78 (d, 4H, J = 5.44 Hz, 2× γCH2), 3.64-3.53 (m, 12H, 

ring CH2,), 3.41 (m, 6H, ring CH2, 2 × βCH2 & αCH2), 2.64 (m, 2H, εCH2,), 2.01 (m, 

2H, δCH2). 
13C NMR (125 MHz, D2O) δC 177.3 (d, 1C, J = 13.23 Hz, CO), 59.8 (d, 2C, 

J = 113.72 Hz, 2 × γCH2), 54.85 (d, 1C, J = 92.01 Hz, αCH2) 53.46 (d, 2C, J = 92.01 

Hz, βCH2), 52.22 (s, 6H, CH2 ring), 26.80 (s, 1C, εCH2), 25.27 (d, 1C, J = 95 Hz, δCH2 

).31P (162 MHz, D2O) δP. 38.35 (1P), 33.23 (2P) 31P{1H} (162 MHz, D2O) δP 38.40 

(1P), 33.30 (2P) (referenced to phosphoric acid introduced via an internal lock solvent). 

As discussed above, the 1H NMR data reported matches literature values.56 

(3-(tert-butoxy)-3-oxopropyl)phosphinic acid (49) 

 

Synthesized according to a literature procedure.67 Dry ammonium hypophosphite (0.5 g, 

6.02 mmol) and hexamethyldisilazane (2.0 mL, 9.54 mmol) (neat) were heated to 105 

°C under Ar with stirring for 4 h. The mixture was cooled to rt, dry DCM (15 mL) was 

added and the solution was cooled to 0 °C. Tert-butyl acrylate (0.62 mL, 4.23 mmol in 

DCM (10 mL)) was added through a syringe and the mixture was stirred for additional 

12 h at rt. The mixture was hydrolyzed by transferring it into ethanol (50 mL) via a 

capillary and the solvent removed in vacuo. The crude material was dissolved in CHCl3 

(15 mL) and extracted with 3% aq HCl (2 × 20 mL). The aqueous phases were 

combined and re-extracted with chloroform (3 × 50 mL). The combined organic extracts 

were dried (MgSO4) and the solvent removed to afford [2-(tert-

butyloxycarbonyl)ethyl]phosphinic acid as a colourless, viscous oil (0.655g, 56%). 1H 

NMR (500 MHz, CDCl3) δH 5.20 (br s, 1H, PH), 2.55 (quint, 2H, J = 8.09 Hz, βCH2), 

2.03 (2H, quint, 2H, J = 7.31 Hz, αCH2), 1.45 (s, 9H, 3 × CH3).  
1H NMR data matches 

reported literature values.95  
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3-(hydroxyhydrophosphoryl)propanoic acid (50) 

 

Synthesized according to a literature procedure.67 The crude phosphinic acid 51 (0.7 g, 

3.6 mmol) was dissolved in a mixture of EtOH/conc. HCl (1:1 10 mL) and refluxed for 

12 h. The solvent was removed in vacuo to yield (2-carboxyethyl)phosphinic acid as a 

straw yellow oil which solidified upon standing (0.4 g, 89%) Rf 0.69 (1:1 H2O/MeOH 

RP-18 TLC). 1H NMR (500 MHz, D2O) δH 7.09 (apparent d, 1H J = 559 Hz, PH), 2.63 

(m, 2 H, βCH2), 2.01 (m, 2H, αCH2). 
1H NMR data matches reported literature values.95 

((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(3-methoxy-3-oxopropyl)phosphinic acid (55) 

 

Synthesized according to an adapted literature procedure.99 TMSCl (5.1 µL, 0.04mmol) 

was added to a solution of NOPO 48 (10 mg, 0.02 mmol) in MeOH (200 µL) and the 

reaction allowed to stir at rt and the reaction monitored by LRMS. Upon completion, 

the solvent was removed in vacuo to afford the title compound as a yellow glass (6.5 

mg, 60%). Rf 0.35 (6:3:1 EtOAc/NH3/MeOH). 1H NMR (500 MHz, D2O) δH 3.78 (br s 

(apparent doublet), 4H, 2× γCH2), 3.72 (s, 3H, OMe), 3.58 (br m, 12H, ring CH2), 3.42 

(br s, 6H, ring CH2, 2 × βCH2 & αCH2), 3.40 (br s, 2H, εCH2), 2.65 (br s, 2H, δCH2). 

13C NMR (125 MHz, D2O) δC 172.9 (CO), 57.4 (2× γCH2), 52.2-51.9 (2 × βCH2 & 

αCH2), 50.3 (OCH3), 49.5-49.3 (apparent d, 12C), 24.3 (εCH2), 22.8 (δCH2). 
13C NMR 

spectra very weak, correlations inferred from HSQC.  LRMS (ESI-): m/z = 508 [M-H]-. 

HRMS (ESI-) Calcd for C15H34N3O10P3
-: 508.1384. Found: 508.1408. 
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Zn-NOPO (56) 

 

To a solution of 48 (28 mg, 0.055 mmol) in H2O (500 µL) was added ZnCl2•×H2O (aq, 

1.1 - 2.2 equiv based on dry weight) and the reaction stirred at rt overnight or at 80 °C 

for 1-3 h. LRMS determined complete Zn chelation and the solvent was removed in 

vacuo to give the crude intermediate 56 as a yellow glass (31 mg, quantitative) which 

was taken forward without any further purification. 1H NMR (500 MHz, D2O) δH 3.77 

(d, 4H, J = 5.24 Hz, 2× γCH2), 3.15-2.80 (br m, 18H, ring CH2, 2 × βCH2, αCH2), 2.69-

2.60 (m, 2H, εCH2), 2.04-1.95 (m, 2H, δCH2). 
13C NMR (125 MHz, D2O) δC 177.2 (d, 

1C, J = 14.52 Hz, CO), 59.5 (d, 2C, J = 92.74 Hz, 2 × γCH2), 57.6 (d, 1C, J = 92.01 Hz, 

αCH2) 55.6 (d, 2C, J = 93.68 Hz, βCH2), 27.0 (s, 1C, εCH2), 25.2 (d, 1C, J = 98.43 Hz, 

δCH2).
31P (162 MHz, D2O) δP. 38.35 (s, 1P), 33.23 (s, 2P) 31P{1H} (162 MHz, D2O) δP 

39.67 (s, 1P) and 36.92 (s, 2P) (referenced to phosphoric acid introduced via an internal 

lock solvent). 13C NMR referenced to MeOD introduced via Wilmad coaxial insert. 

LRMS (ESI+): m/z = 558 [M+H]+. HRMS (ESI+) Calcd for C14H30N3O10P3Zn+: 

558.05082. Found: 558.05815 

Ga-NOPO (57) 

 

To a solution of 48 (18 mg, 0.03 mmol) in H2O (200 µL) was added Ga(NO3)3•×H2O 

(aq, 2.5 equiv based on dry weight) and the reaction allowed to stir at 95 °C for 3 h and 

was monitored by LRMS. Upon completion, the solvent was removed in vacuo to afford 

the title compound as a yellow glass (quant, 100%). 1H NMR (500 MHz, D2O) δH 3.78 

(d, 4H, J = 5.24 Hz, 2× γCH2), 3.15-2.80 (br m, 18H, ring CH2, 2 × βCH2, αCH2), 270-

2.59 (m, 2H, εCH2), 2.04-1.95 (m, 2H, δCH2). 
31P (162 MHz, D2O) δP. 38.35 (1P), 

33.23 (2P) 31P{1H} (162 MHz, D2O) δP 42.08 (s, 1P) and 37.76 (s, 2P). The presence of 

the Ga3+ ion resulted in weak 13C spectra that has not been included here. The HSQC 
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suffered from problems with the phase correction, correlations were observed but the 

nature of carbon could not be determined. LRMS (ESI+): m/z = 562 [M+H]+. HRMS 

(ESI-) Calcd for C14H29GaN3O10P3
-: 560.02488. Found: 560.02441. 

((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-yl) 

methyl)(3-oxo-3-((4-sulfamoylphenethyl)amino)propyl)phosphinic acid Zinc 

complex (60) 

 

Synthesized according to an adapted literature procedure.68 To a solution of 56 (77.3 

mg, 0.139 mmol) and 4-AEBS (30.5 mg, 0.152 mmol) in anhyd DMSO-d6 was added 

DIPEA (69 µL, 0.42 mmol) followed by HATU (63 mg, 0.17 mmol). The solution was 

stirred overnight at rt under an inert atmosphere. Cooled acetone (0 °C, 10 mL) was 

added and a white solid precipitated. The solution was cooled further (-20 °C, 

overnight) and then filtered through a 0.45 µM nylon syringe filter. The trapped solids 

were washed with acetone (0 °C, 10 mL) then redissolved in H2O and concentrated in 

vacuo. The residue was purified by RP-18 HPLC on an Agilent 1100 HPLC instrument 

fitted with λ = 230/254/280 nm DAD detector using an XBridge Prep C18, 10 µM 

OBD, 19 × 100 mm column, 5 ml/min with mobile phase A = H2O + 0.1% TFA, 

Mobile phase B = MeCN + 0.1% TFA. The RP-HPLC elution profile is described in 

Table 6 and the product eluted between 6.4-7.3 mins. The collected product was 

purified a second time by RP-18 using the mobile phase conditions described in Table 

7. Sodium acetate buffer (pH 4.4) was prepared from acetic acid (aq, 0.1 M, 610 mL) 

and sodium acetate (aq, 0.1 M, 390 mL) to give a final pH of 4.4.98 The target 

compound (60) eluted between 6.15-7.5 min.  
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Table 6: Mobile phase conditions for RP-HPLC purification (A) of compound 60. Mobile 

phase A = H2O + 0.1% TFA, mobile phase B = MeCN + 0.1% TFA 

Entry Time (min) Solvent A: H2O + 0.1% TFA 

(%) 

Solvent B: MeCN + 0.1% 

TFA (%) 

1 0 95 5 

2 1 95 5 

3 15 25 75 

4 17 25 75 

5 18 95 5 

 

Table 7: Mobile phase conditions for RP-HPLC purification (A) of compound 60. Mobile 

phase A = Sodium acetate buffer, pH 4.4, mobile phase B = MeCN + 0.1% TFA 

Entry Time (min) Solvent A: Sodium acetate 

buffer pH 4.4 

Solvent B: MeCN + 0.1% 

TFA (%) 

1 0 95 5 

2 1 95 5 

3 13 95 5 

4 28 25 75 

5 30 25 75 

6 32 95 5 

 

The solvent was removed in vacuo and the residue purified by two subsequent PD Midi-

Trap G10® Sephadex® columns (MW cut-off 700 Da) using water as the eluent. The 

product was concentrated in vacuo to give the title compound as a white salt (1.4 mg, < 

2% based on starting material). 1H NMR data confirmed total salt removal was not 

achieved. 1H NMR (500 MHz, D2O, 358 K) δH 8.38 (m, 2H, 2 × ArCH), 8.02 (m, 2H, 2 

× ArCH), 4.24, 4.02 (t, 2H, J = 6.76 Hz, ζCH2 or η CH2) 3.58 (d, 2H, J = 6.72 Hz, βCH2 

or ring aza), 3.56-3.41 (m, 16 H, ring aza/ βCH2/ ζCH2 or ηCH2), 2.93 (m, 2H, εCH2), 

2.34. (m, 2H, δCH2).
 13C NMR (126 MHz, DMSO) δC 179.22 (CO), 142.96 (Cq), 

136.92 (Cq), 127.76 (2 × ArCH), 123.74 (2 × ArCH), 99.99, 57.85 (2 × γCH2), 56.97 

(CH2 / CH2 aza), 53.58 (2 × βCH2), 50.32, 37.77 (ζ CH2 or ηCH2), 32.31 (αCH2 / CH2 

aza 8C), 27.39, 26.34 (εCH2), 24.41 (δCH2). 
31P NMR (126 MHz, D2O) 38.65 (1P), 

36.05 (2P). LRMS (ESI+): m/z = 740 [M+H]+.HRMS (ESI-) Calcd for 

C22H40N5O11P3SZn-: 738.08765. Found: 738.08675 
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((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(13-oxo-1-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)-3,6,9-trioxa-12-

azapentadecan-15-yl)phosphinic acid zinc complex (61) 

 

Synthesized according to an adapted literature procedure.68 To a solution of 56 (96 mg, 

0.172 mmol) and 38 (76 mg, 0.189 mmol) in anhyd DMSO-d6 was added DIPEA (85 

µL, 0.51 mmol) followed by HATU (79 mg, 0.21 mmol) and the solution stirred 

overnight at rt under an inert atmosphere. Cooled acetone (0 °C, 10 mL) was added and 

a white precipitate observed. The solution was cooled further (-20 °C, overnight) and 

filtered through a 0.45 µM nylon syringe filter. The filter was washed with acetone (0 

°C, 2 mL). The trapped solids were redissolved in H2O and the solvent removed in 

vacuo. The residue was purified by RP-18 HPLC on an Agilent 1100 instrument using 

an XBridge Prep C18, 10 µM OBD, 19 × 100 mm using an isocratic method of 90/10. 

(ammonium formate buffer, 120 mM/ MeCN), 5 mL/min. The product eluted between 

17-19.5 min, the solvent removed in vacuo and lyophilized. The dried mixture was 

continually redissolved in H2O and lyophilized to remove residual ammonium formate 

salts. The title compound was isolated as a colourless glass in low yield (9 mg, 6%).1H 

NMR (500 MHz, D2O) δH 8.50 (CH triazole), 8.38 (salt), 7.99 (s, 4H, 4×ArCH), 4.70 (t, 

2H, J = 4.81 Hz, ηCH2), 4.02 (t, 2H, J = 5.01 Hz, ζCH2), 3.75 (m, 4H, 2 ×CH2), 3.70-

3.58 (m, 4H, 2 × CH2),  3.52-3.42 (m, 4H. 2× CH2), 3.39 (t, 2H, J = 5.33 Hz, CH2), 3.20 

(m, 18H,  9 × CH2), 2.41(m, 2H, εCH2),1.89 (m, 2H, δCH2). 
13C NMR data was not 

fully characterised but the characteristic doublet peaks PCH2 observed for NOPO can be 

seen in this spectra. 13C NMR (126 MHz, D2O) δ 175.26 (CO), 169.11 (Cq), 145.74 

(Cq), 140.87 (Cq), 134.05 (Cq), 126.73 (2 × ArCH), 126.23 (2 × ArCH), 123.81 (CH 

triazole), 71.57, 69.70 (CH2), 69.47 (CH2), 69.34 (CH2), 69.30 (CH2), 68.62 (CH2), 

68.49 (CH2), 60.41, 59.65 (d, 2C, J = 112.62 Hz) (CH2), 57.55 (J = 92.14 Hz, CH2), 

55.65 (d, J = 97 Hz CH2) 50.30 (CH2), 38.86, 28.41 (CH2), 26.44, 25.69 (CH2). The 

sample was also run in DMSO-d6 but none of the NOPO baseline peaks were observed. 

LRMS (ESI+): m/z = 939 [M+H]+. HRMS (ESI+) Calcd for C30H53N8NaO14P3SZn+: 

961.1798. Found: 961.1753.1H NMR spectra can be found in Appendix A.  
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 ((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(3-oxo-3-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)propyl)phosphinic acid zinc complex (62) 

 

Synthesized according to an adapted literature procedure.68 To a solution of 56 (31 mg, 

0.055 mmol) and 37 (17 mg, 0.06 mmol) in anhyd DMSO-d6 (1 mL) was added DIPEA 

(18 µL, 0.1 mmol) followed by HATU (25 mg, 0.066 mmol) and the solution stirred at 

rt for 4 h under an inert atmosphere. A portion (300 µL) was removed and acetone (1 

mL) was added and a white precipitate observed. The solution was filtered through a 

0.45 µM nylon filter and trapped solids washed with acetone (0 °C, 2 mL) before the 

trapped solids redissolved in H2O (500 µL). The solution was purified by RP-18 HPLC 

(XBridge Prep C18, 10 µM OBD, 19 × 100 mm, 10 ml/min, mobile phase conditions 

outlined in Table 8) and the title compound isolated as a colourless glass in low yield 

(1.4 mg, < 3% yield based on 56, elution 7.1-7.3 min). The sample was characterized by 

HRMS (ESI+) Calcd for C25H43N8O11P3SZn+: 821.13490. Found: 821.15463. 1H NMR 

(800 MHz, D2O) spectra provided in Appendix A.  

Table 8: Mobile phase conditions for RP-HPLC purification of compound 60. Mobile 

phase A = H2O + 0.1% TFA mobile phase B = MeCN + 0.1% TFA. 

Entry Time (min) Solvent A: H2O + 

0.1% TFA (%) 

Solvent B: MeCN + 

0.1% TFA (%) 

1 0 95 5 

2 1 95 5 

3 13 95 5 

4 28 25 75 

5 30 25 75 

6 32 95 5 
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2.7 Experimental – Generation III 

4-(di(prop-2-yn-1-yl)amino)benzenesulfonamide (67)  

 

4-aminobenzenesulfonamide (0.1 g, 0.58 mmol), propargyl bromide (0.23 mL, 3 mmol) 

and DIPEA (0.26 mL, 1.5 mmol) were combined in anhyd MeCN (3 mL) and stirred at 

40 °C for 20 h. The temperature was increased to 80 °C until complete starting material 

consumption was observed. The solvent was removed in vacuo and the residue was 

purified by two iterative flash column chromatography columns (90:10 DCM/MeOH 

then 95:5 DCM/MeOH) and the title compound 67 isolated as a brown oil (<10 mg). Rf 

0.48 (95:5 DCM/MeOH). 1H NMR (500 MHz, DMSO-d6) δH 7.67-7.63 (m, 2H, Ar), 

7.08 (s, 2H, SO2NH2), 6.98-6.94 (m, 2H, Ar), 4.22 (d, 4H, J = 2.36 Hz, CH2 × 2), 3.08 

(t, 2H, J = 2.27 Hz, CH). 13C NMR (125 MHz, DMSO-d6) δH 149.7 (ArCq), 133.1 

(ArCq), 127.5 (2 × ArCH), 113.9 (2 × ArCH), 79.9 (αC), 75.4 (2 × CH), 40.3 (2 × CH2). 

LRMS (ESI+): m/z 271 [M+Na]+. HRMS (ESI-) Calcd for C12H12N2O2S
-: 247.0547. 

Found: 247.0548 

4-(prop-2-yn-1-ylamino)benzenesulfonamide (68) 

 

4-aminobenzenesulfonamide (0.069 g, 0.4 mmol), propargyl bromide (0.23 mL, 3 

mmol) and DIPEA (0.26 mL, 1.5 mmol) were combined in anhyd MeCN (3 mL) and 

stirred at 80 °C for 13 h. The temperature was increased to 80 °C until complete starting 

material consumption was observed. The solvent was removed in vacuo and the residue 

was purified by flash column chromatography (95:5 DCM/MeOH) and the title 

compound 68 isolated as a brown oil (14 mg, 14%). Rf 0.16 (95:5 DCM/MeOH). 1H 

NMR (500 MHz, DMSO-d6) δH 7.56-7.51 (m, 2H, 2 × ArCH), 6.96 (s, 2H, SO2NH2), 

6.70-6.65 (m, 2H, 2 × ArCH), 6.62 (t, 1H, J = 5.73 Hz, NH), 3.93 (dd, 2H, J = 3.81, 

2.18 Hz, CH2), 3.08 (t, 1H, J = 2.37 Hz, ≡CH). 13C NMR (125 MHz, DMSO-d6) δ 151.0 
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(ArCq), 131.4 (ArCq), 127.8 (2 × ArCH), 112.3 (2 × ArCH), 82.0 (Cq), 73.6 (CH), 32.2 

(2 × CH2). LRMS (ESI+): m/z 211 [M+H]+. HRMS (ESI+) Calcd for C9H10N2NaO2S
+: 

233.0355. Found: 233.0355 

4-(3-(di(prop-2-yn-1-yl)amino)prop-1-yn-1-yl)benzenesulfonamide (69) 

 

Synthesized according to an adapted literature procedure.31 4-iodobenzenesulfonamide 

(0.1 g, 0.35 mmol), CuI (7 mg, 0.0035 mmol) and Pd(PPh3)4 (10 mg, 0.014 mmol) were 

combined in anhyd Et3N (3 mL) before tripropargylamine (0.5 mL, 3.5 mmol) was 

added and the mixture was stirred under Ar at rt. After 40 min, the reaction mixture was 

diluted in MeOH:DCM (1:1) (50 mL), filtered through celite and the solvent removed in 

vacuo. The product was purified using flash column chromatography (1:1 

EtOAc:Hexane) and the product isolated as a brown sticky oil (0.0806 g, 81%). Rf 0.21 

(EtOAc/Hexane 3:7). 1H NMR (500 MHz, DMSO-d6) δH 7.79 (m, 2H, 2 × ArCH), 7.65 

(m, 2H, 2 × ArCH), 7.42 (s, 2H, SO2NH2), 3.68 (s, 2H, εCH2), 3.47 (d, J = 2.31 Hz, 4H, 

2 × ζCH2), 3.24 (s, 2H, 2 × CH). 13C NMR (125 MHz, DMSO-d6) δC 143.8 (αCq), 132.1 

(2 × ArCH), 126.1 (2 × ArCH), 125.8 (βCq), 87.9 (γCq), 83.9 (δCq), 79.1 (2 × CH), 

76.2 (2 × ηCq), 60.0, 42.16 (εCH2), 41.46 (2 × ζCH2). LRMS (ESI+): m/z = 287 

[M+H]+. HRMS (ESI-) Calcd for C15H14N2O2S
-: 285.0703. Found: 285.0706. 
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N,N'-(((((((((((3-(4-sulfamoylphenyl)prop-2-yn-1-yl)azanediyl)bis(methylene)) 

bis(1H-1,2,3-triazole-4,1-diyl))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-

diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(2-

bromoacetamide) (71) and 4-(3-((14Z,54Z)-17-(2-hydroxyacetyl)-19-oxo-11H,51H-

8,11,14,23,26,29-hexaoxa-3,17,20-triaza-1,5(4,1)-ditriazolacyclohentriacontaphane-

3-yl)prop-1-yn-1-yl)benzenesulfonamide (72) 

    

Synthesized according to an adapted literature procedure.88 A stock solution of 

CuSO4•5H2O was combined with Na ascorbate in a ratio of 0.01:0.1 equiv (typically 

~20 mg and ~150 mg) in H2O and the solution agitated until a bright orange colour 

observed. A portion of this corresponding to 0.87 mg CuSO4 (0.01 equiv): 7 mg Na 

ascorbate (0.1 equiv) was removed diluted in H2O (1 mL final volume) and added to a 

solution of 69 (100 mg, 0.35 mmol), 12 (250 mg, 0.73 mmol) and TBTA 47 (2 mg, 

0.0035 mmol) in DMSO (2 mL). The reaction was stirred at rt for 24 h, monitored by 

TLC. The reaction was quenched with H2O (10 mL) and the aqueous layer extracted 

with EtOAc (3×30 mL) to remove starting materials. The aqueous layer was 

concentrated in vacuo and the crude residue purified by RP-18 column chromatography 

(100 % H2O → 5:95 H2O/MeOH). Fractions were analysed by LRMS and none of the 

desired product 71 was formed and instead the cyclized product 72 was confirmed. 

LRMS (ESI+): m/z = 821 [M+H]+
. HRMS (ESI+) Calcd for C35H52N10O11S

+: 821.3611. 

Found: 821.3662. No further characterisation was carried out as this pathway was not 

continued. 

 

 

 

 

72 71 
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di-tert-butyl (((((((((((3-(4-sulfamoylphenyl)prop-2-yn-1-yl)azanediyl) bis 

(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-

2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl))dicarbamate 

(73) and tert-butyl (2-(2-(2-(2-(4-((prop-2-yn-1-yl(3-(4-sulfamoylphenyl)prop-2-yn-

1-yl)amino)methyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)carbamate 

(74) 

 

 

Synthesized according to an adapted literature procedure.88 A stock solution of 

CuSO4•5H2O was combined with Na ascorbate in a ratio of 0.01:0.1 equiv (typically 

~20 mg and ~150 mg) in H2O and the solution agitated until a bright orange colour 

observed. A portion of this corresponding to 1.74 mg CuSO4 (0.02 equiv): 14 mg Na 

ascorbate (0.2 equiv) was removed, diluted in H2O (1 mL final volume) and added to a 

solution of 69 (100 mg, 0.35 mmol), 34 (233 mg, 0.733 mmol) and TBTA 47 (2 mg, 

0.0035 mmol) in DMSO (2 mL). The reaction was stirred at 50 °C and monitored by 

TLC. H2O (10 mL)  was added and the and the aqueous layer extracted first with DCM 

(3 × 30 mL) then with EtOAc (3×30 mL). The EtOAc organic layers were combined, 

dried (MgSO4) and the solvent removed in vacuo prior to purification with flash column 

chromatography (100% EtOAc) to give the mono-linker compound 74 (0.0316 g, 10%), 

Rf 0.27 (100% EtOAc). 1H NMR (500 MHz, DMSO-d6) δH 8.00 (s, 1H, εCH), 7.80 (m, 

2H, 2×ArCH), 7.64 (m, 2H, 2×ArCH), 7.44 (s, 2H, SO2NH2), 6.75 (br t, 1H, NH), 4.51 

(t, 2H, J = 5.16 Hz, ζCH2), 3.81 (t, 2H, J = 5.16 Hz, ηCH2), 3.78 (s, 2H, αCH2), 3.64 (s, 

2H, βCH2 or δCH2), 3.52-3.45 (m, 10H, θCH2 & βCH2 or δCH2), 3.34 (t, 2H, J = 6.19 

Hz, ιCH2), 3.25 (t, 1H, J = 2.59 Hz, γCH), 3.05 (q, 2H, J = 5.81 Hz, κCH2), 1.36 (s, 9H, 

3 ×CH3).
 13C NMR (126 MHz, DMSO-d6) δ 155.6 (CO), 143.7 (Cq), 143.1(Cq), 137.7, 

131.9 (2 × ArCH), 128.1, 125.9 (2 × ArCH), 125.5 (Cq), 124.4 (εCH), 88.0, 85.5, 83.8 

(Cq), 79.1, 77.7 (Cq Boc), 76.1 (γCH), 69.7/69.6/69.58/69.5 (θCH2 (4C)) 69.2 (ιCH2), 

68.7 (ηCH2), 49.4 (ζCH2), 47.4 (αCH2), 42.4 (βCH2 or δCH2), 41.6 (βCH2 or δCH2), 

39.2 (κCH2), 30.7 (acetone), 28.3 (3 × CH3). LRMS (ESI-): m/z = 603 [M+H]-. HRMS 

(ESI-) Calcd for C28H40N6O7S
-: 603.2613. Found: 603.2606. 

73 74 
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The DCM organic layers were combined, dried (MgSO4) and the title compound 73 

isolated as a complicated mixture. HRMS confirmed 73 had formed. LRMS (ESI+): m/z 

= 923 [M+H]+. HRMS (ESI+) Calcd for C41H66N10NaO12S
+: 945.4475. Found: 

945.4482. No further characterisation was carried out as this pathway was not 

continued. 

 

tert-butyl(1-oxo-1-((4-sulfamoylphenethyl)amino)pent-4-yn-2-yl)carbamate (75) 

 

A solution of Boc-propargylglycine (500 mg, 2.34 mmol) and HOBt (430 mg, 2.81 

mmol) in anhyd DMF (5mL) was stirred for ~5 min under an inert atmosphere before 

EDC (538 mg, 2.81 mmol) was added quickly. The reaction mixture was stirred for 30 

min, then 4-AEBS (516 mg, 2.34 mmol) was added and the flask stirred at rt overnight. 

The mixture was quenched by the addition of EtOAc (30 mL) and the organic layer was 

washed with HCl (1 M, 3 × 50 mL), NaHCO3 (sat. 3 × 50 mL) then brine (sat. NaCl 1 × 

50 mL). The organic layer was dried (MgSO4) and the solvent removed in vacuo to 

generate the title compound as a white solid (0.85 g, 92%). Rf = 0.36 (100% EtOAc), 

m.p. 140-141 °C. 1H NMR (500 MHz, DMSO-d6) δH 8.06 (br t, 1H, J = 5.25 Hz, ηNH), 

7.75 – 7.69 (m, 2H, 2 × ArCH), 7.41-7.37- (m, 2H, 2 × ArCH), 7.29 (s, 2H, SO2NH2), 

6.90 (d, 1H, J = 7.88 Hz, γNH), 4.04 (m, 1H, δCH), 3.37-3.22 (m, 2H, βCH2), 2.82 (br t, 

1H J = 2.29 Hz, ζCH), 2.78 (t, 2H, J = 7.09 Hz, αCH2), 2.48-2.44 & 2.40-2.33 (m, 2H, 

εCH2), 1.39 (s, 9H, Boc(CH3)3). 
13C NMR (125 MHz, DMSO-d6) δC 170.1 (CO), 155.1 

(CO), 143.6 (ArCq), 142.0 (ArCq), 129.1 (2 × ArCH), 125.7 (2 × ArCH), 80.9 (Cq), 

78.3 (Cq), 72.7 (ζCH), 53.1 (δCH), 40.0 (βCH2 under DMSO), 34.7 (αCH2), 28.1 (Boc 

3×CH3), 22.0 (εCH2). LRMS (ESI+): m/z = 394 [M+H]+
. HRMS (ESI-) Calcd for 

C18H25N3O5S
-: 394.1442. Found: 394.1443. 
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tert-butyl (1-oxo-1-((4-sulfamoylphenyl)amino)pent-4-yn-2-yl)carbamate (76) 

 

A solution of Boc-propargylglycine (100 mg, 0.47 mmol) and HOBt (86 mg, 0.56 

mmol) in anhyd DMF (5mL) was stirred for ~5 min under an inert atmosphere before 

EDC (108 mg, 0.56 mmol) was added quickly. The reaction mixture was stirred for 30 

min, then sulfanilamide (81 mg, 0.47 mmol) was added and the flask stirred at rt 

overnight. After overnight stirring the temperature was incresase to 30 ° for 4 h. The 

mixture was quenched by the addition of EtOAc (30 mL) and the organic layer was 

washed with HCl (1 M, 3 × 50 mL), NaHCO3 (sat. 3 × 50 mL) then brine (sat. NaCl 1 × 

50 mL). The organic layer was dried (MgSO4) and the solvent removed in vacuo prior 

to purification by flash column chromatography (100 % EtOAc) to generate the title 

compound as a white solid (46 mg, 27%). Rf = 0.84 (100% EtOAc). 1H NMR (500 

MHz, DMSO-d6) δH 10.44 (s, 1H, αNH), 7.77 (s, 4H, 4 × ArCH), 7.26 (s, 2H, SO2NH2), 

7.21 (d, 1H, J = 7.86 Hz, εNH), 4.28 (q, 1H, J = 7.47 Hz, βCH), 2.90 (br t,  1H, δCH), 

2.66-2.53 (m, 2H, γCH2), 1.40 (s, 9H, 3×CH3). 
13C NMR (125 MHz, DMSO-d6) δC  

170.3 (CO), 155.5 (CO), 141.9 (Cq), 138.8 (Cq), 127.0 (2 × ArCH), 119.3 (2 × ArCH), 

54.3 (βCH), 28.4 (3× CH3), 14.4 (γCH2). HRMS (ESI-) Calcd for C16H21N3O5S
-: 

366.1130. Found: 366.1092. 

1-(Fmoc-amino)-11-azido-3,6,9-trioxaundecane (77) 

 

Synthesized according an adapted literature procedure.76 To a solution of 16 (500 mg, 

2.29 mmol) and Et3N (0.32 mL) in MeCN (30 mL) was added Fmoc-OSu (1.54 g, 4.58 

mmol) portionwise over 1 h. The reaction mix was allowed to stir overnight at rt. The 

solvent was removed in vacuo and the residue purified by flash column chromatography 

(1:1 EtOAc/Hexane) and the title compound isolated as a pale yellow oil (0.718 g, 71%) 

Rf 0.36 (1:1 EtOAc/Hexane). 1H NMR (500 MHz, CDCl3) δH 7.76 (d, 2H, J = 7.57 Hz, 

2 × Fmoc CH), 7.58 (d, 2H, J = 7.23 Hz, 2 × Fmoc CH), 7.40 (m, 2 H, 2 × Fmoc CH), 

7.31 (m, 2 H, 2 × Fmoc CH), 5.37 (br s, 1 H, NH), 4.42 (d, 2 H, d, J = 6.57 Hz, δCH2), 
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4.23 (t, 1 H, J=6.57 Hz, εCH), 3.69-3.60 (m, 10 H, CH2 PEG), 3.56 (m, 2 H, CH2 PEG), 

3.43-3.32 (m, 4H, 2× CH2 PEG). 1H NMR data matches reported literature values.96 

 

tert-butyl (3-(1-(2,2-dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-yl)-1H-

1,2,3-triazol-4-yl)-1-oxo-1-((4-sulfamoylphenethyl)amino)propan-2-yl)carbamate 

(78) 

 

CuSO4•5H2O (19 mg, 0.076 mmol) was combined with sodium ascorbate (30 mg, 0.15 

mmol) in H2O (1 mL) and the solution agitated until a bright orange colour observed. 

This was added to a solution of 75 (150 mg, 0.38 mmol) and 34 (133 mg, 0.417 mmol) 

in DMSO (2 mL) and the solution allowed to stir at rt for 6 h. H2O (30 mL) and EtOAc 

(30 mL) was added and the aqueous layer was extracted a further 2× with EtOAc (30 

mL). The organic layers were combined and washed 2× with a basic EDTA solution 

(1M EDTA in NH3, 50 mL). The organic layers were dried (MgSO4) and the solvent 

removed in vacuo. The residue was purified by flash column chromatography (100%, 

EtOAc) and the product isolated as a white solid (0.1925 g, 65%)‡. Rf 0.37 (100% 

EtOAc) m.p. 145-147 °C. 1H NMR (500 MHz, DMSO-d6) δH 8.00 (t, 1H, J = 5.84Hz, 

γNH), 7.75-7.71 (m, 3H, ζCH & 2× ArCH), 7.40-7.35 (m, 2H, 2× ArCH), 7.28 (s, 1H, 

SO2NH2), 6.90-6.87 (d, 1H, J = 8.75 Hz, γNH), 6.74 (t, 1H, J = 5.14 Hz, νNH), 4.46 (t, 

2H, J = 4.82 Hz, θCH2), 4.13 (m, 1H, δCH), 3.77 (t, 2H, J = 5.06 Hz, ιCH2), 3.52-3.44 

(m, 8H, κCH2), 3.36 (t, 2H, J = 6.20 Hz, λCH2CH2), 3.30-3.23 (m, 2H, βCH2), 3.06 (q, 

2H, J = 5.68 Hz, μCH2), 2.98-2.92 & 2.86-2.79 (m, 2H, εCH2), 2.74 (m, 2H, αCH2), 

1.39-1.33 (m, 18H, 2 × (CH3)3). 
13C NMR (125 MHz, DMSO-d6) δC 171.39 (CO/Cq), 

171.1 (CO/ Cq), 155.6 (CO/ Cq), 155.1 (CO/Cq), 143.6 (CO/ Cq), 143.0 (CO/ Cq), 

142.0 (CO/ Cq), 129.1 (2 × Ar CH), 125.6 (2 × Ar CH), 123.1 (ζCH), 78.1 (Cq), 77.6 

(Cq), 69.7 (CH2 PEG), 69.6 (CH2 PEG), 69.6 (CH2 PEG), 69.5 (CH2 PEG), 69.2 (CH2 

PEG), 68.9 (CH2 PEG), 54.2 (CH), 49.2 (CH2), 48.6 (CH), 34.7 (α or βCH2), 28.2 

((CH3)3), 28.1 ((CH3)3). 2 hidden under DMSO baseline (α or βCH2 and CH2PEG). 

                                                 
‡ 93% yield when reaction carried out on 30 mg scale. 
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LRMS (ESI+): m/z = 714 [M+H]+
. HRMS (ESI+) Calcd for C31H51N7O10S

+: 714.3491. 

Found: 714.3503. 

 

tert-butyl (3-(1-(1-(9H-fluoren-9-yl)-3-oxo-2,7,10,13-tetraoxa-4-azapentadecan-15-

yl)-1H-1,2,3-triazol-4-yl)-1-oxo-1-((4-sulfamoylphenethyl)amino)propan-2-

yl)carbamate (79) 

 

Compound 75 (239 mg, 0.60 mmol) was combined with compound 77 (293 mg, 0.66 

mmol) in DMSO (2 mL). In a separate vessel CuSO4•5H2O (30 mg, 0.12 mmol) was 

combined with Na ascorbate (48 mg, 0.24 mmol) in H2O (1 mL) and the solution 

agitated until a bright orange precipitate was sustained before this was combined with 

the DMSO mixture. This solution was allowed to stir at 45 °C for 4 h. The reaction was 

quenched with H2O (30 mL) and EtOAc (30 mL). The aqueous layer was extracted a 

further 2× with EtOAc (30 mL). The organic layers were combined and washed 2× with 

a basic EDTA solution (1M EDTA in NH3, 50 mL). The organic layers were dried 

(MgSO4) and the solvent removed in vacuo. The residue was urified by flash column 

chromatography (100% EtOAc →90:10 EtOAc/MeOH) and the product isolated as a 

white solid (0.4683, 93%). Rf 0.53 (90:10 EtOAc/MeOH) m.p. 75 °C. 1H NMR (500 

MHz, DMSO-d6) δH 8.00 (t, 1H, J = 5.71 Hz, γNH), 7.88 (dt, 2H, J = 7.51, 0.83 Hz, 2 × 

ArCH), 7.75-7.71 (m, 3H, 2 × ArCH, ζCH), 7.70-7.66 (d, 2H, J = 7.38 Hz, 2 × ArCH), 

7.43-7.26 (m, 9H, NH, ArCH + SO2NH2), 6.68 (d, 1H, J = 8.48 Hz, ηNH), 4.45 (t, 2H, J 

= 5.19 Hz, θCH2), 4.29 (m, 2H, ξCH2), 4.20 (t, 1H, J = 6.98 Hz, οCH), 4.14 (m, 1H, 

δCH), 3.75 (t, 2H, J = 5.21 Hz, ιCH2), 3.39 (t, 2H, J = 6.16 Hz, λCH2), 3.30-3.22 (m, 

2H, βCH2), 3.12 (q, 2H, J = 5.83 Hz, μCH2), 2.99-2.90 & 2.86-2.79 (m, 1H, m, 1H 

εCH2), 2.74 (t, 2H, J = 6.94 Hz, αCH2), 1.34 (s, 9H, (CH3)3). 
13C NMR (125 MHz, 

DMSO-d6) δC 171.6 (CO/Cq), 156.6 (CO/ Cq), 155.6 (CO/ Cq), 144.4 (CO/ Cq), 144.1 

(CO/ Cq), 143.5 (CO/ Cq), 142.5 (CO/ Cq), 141.2 (CO/ Cq), 129.6 (CH), 128.1 (CH), 

127.5 (CH), 126.1 (CH), 125.6 (CH), 123.62 (CH), 120.57 (Fmoc  CH), 78.61 (Cq), 

(70.17/70.09/70.03/70.00/69.5 (CH2)), 69.3 (CH2), 65.8 (CH2), 54.6 (CH), 49.7 (CH2), 

49.07, 47.18 (CH), 35.20 (CH2), 31.17, 28.60 (3 ×  (CH3)), 22.98 (3 ×  (CH3)). 3 peaks 
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hidden under DMSO-d6, due to overlapping peaks, the 13C NMR data could not be fully 

assigned.  LRMS (ESI+): m/z = 836 [M+H]+
. HRMS (ESI+) Calcd for 

C41H53N7NaO10S+: 858.3467. Found: 858.3485. 

 

2-amino-3-(1-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)-

N-(4-sulfamoylphenethyl)propanamide (80) 

 

Compound 78 (0.25 g, 0.323 mmol) was dissolved in DCM (2.5 mL) before TFA (2.5 

mL) was added and the mixture allowed to stir at rt overnight. LCMS confirmed 

complete deprotection of the Boc groups. The solvent was removed in vacuo to give the 

title compound as a hygroscopic TFA salt (0.2681g, quant) Rf 0.81 (7:2:1 

MeCN/NH3/MeOH). RP-18 column purification resulted in a large loss of product (48% 

yield starting from 0.1925 g) but it was found the product could be taken forward as the 

crude TFA salt without further purification. Rf 0.43 (7:2:1 MeCN/NH4OH/MeOH). 1H 

NMR (500 MHz, DMSO-d6) δH 8.56 (t, 1H, J = 5.43Hz, γNH), 8.23-8.17 (m, 2H, 

ηNH2), 7.85 (s, 1H, ζCH), 7.82-7.72 (m, 4H, 2 × ArCH + νNH2), 7.40-7.36 (m, 2H, 2 × 

ArCH), 7.32 (s, 2H, SO2NH2), 4.49 (t, 2H, J = 5.43Hz, θCH2), 4.24-3.92 (m, cannot 

integrate but contains 1H quartet δCH), 3.80 (t, 2H, J = 5.43Hz, ιCH2), 3.59-3.47 (m, 

10H, κCH2), 3.46-3.38 & 3.33-3.24 (m , 2H,  βCH2NH or λCH2NH), 2.10-3.03 (m , 2H, 

εCH2), 3.00-2.94 (m, 2H, μCH2), 2.79-2.73 (m, 2H, αCH2). 
13C NMR (125 MHz, 

DMSO-d6) δC 167.6 (CO), 143.3 (Cq), 142.2 (Cq), 140.3 (Cq), 129.1 (2 ×ArCH), 125.7 

(2 × ArCH), 123.9 (ζCH), 69.6 (CH2 PEG), 69.6 (CH2 PEG), 69.5 (CH2 PEG), 68.8 

(CH2, ιCH2), 66.7 (CH2 PEG), 59.7 (CH2), 52.0 (CH), 49.3 (CH2, θCH2), 48.6 (MeOH), 

38.6 (CH2), 34.5 (CH2), 27.1 (CH2), 20.8, 14.1. Due to overlapping peaks, the 13C NMR 

data could not be fully assigned.  LRMS (ESI+): m/z = 536 [M+H]+
. HRMS (ESI+) 

Calcd for C21H35N7NaO6S
+: 536.2262. Found: 536.2276. 
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(9H-fluoren-9-yl)methyl(2-(2-(2-(2-(4-(2-amino-3-oxo-3-((4-sulfamoylphenethyl) 

amino)propyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)carbamate (81) 

 

Compound 79 (0.2 g, 0.24 mmol) was dissolved in DCM (2 mL) before TFA (2 mL) 

was added and the mixture allowed to stir at rt overnight. LCMS confirmed complete 

deprotection of the Boc group. The solvent was removed in vacuo to give the title 

compound as a yellow hygroscopic TFA salt (quant) Rf 0.34 (90:10 EtOAc/MeOH). 1H 

NMR (500 MHz, DMSO-d6) δH 8.54 (t, 1H, J = 5.87 Hz, γNH), 8.18 (d, 2H, J = 

3.77Hz, ηNH2), 7.92-7.86 (m, 2H, 2 × ArCH), 7.85 (s, 1H, ζCH), 7.77-7.71 (m, 2H, 2 × 

ArCH), 7.71-7.65 (m, 2H, 2 × Fmoc CH), 7.45-7.26 (m, 8H, 6 × Fmoc CH + SO2NH2), 

4.48 (t, 2H, J = 4.31 Hz, θCH2), 4.29 (d, 2H, J = 7.01 Hz, ξCH2), 4.20 (t, 1H, J = 7.54 

Hz, οCH), 4.03-3.95 (m, 1H, δCH) 3.78 (t, 2H, J = 5.93 Hz, ιCH2), 3.53-3.34 (m, 12H, 

PEG) 3.39 (t, 2H, J = 6.16 Hz, λCH2), 3.29 (sextet, 2H, J = 3.60 Hz, βCH2),  3.15-3.09 

(q, 2H, J = 5.83 Hz, μCH2), 3.09-2.99 (m, 4H, βCH2 + εCH2), 2.74 (td, 2H, J = 6.94 Hz, 

αCH2. 
13C NMR (201 MHz, DMSO-d6) δ 167.7 (CO/Cq), 158.7 (CO/Cq), 158.5, 158.3, 

158.1, 156.3, 144.0, 143.4, 142.3, 140.8, 140.4, 129.2 (CH), 127.7 (CH), 127.2 (CH), 

125.8 (CH), 125.2 (CH), 124.1 (CH), 120.2 (CH), 116.3, 114.9, 69.8, 69.7, 69.6 (CH2), 

69.2 (CH2), 68.8 (CH2), 65.4 (CH2), 52.2 (CH), 49.5 (CH2), 46.8 (CH), 34.5 (CH2), 

27.47. Due to overlapping peaks, the 13C NMR data could not be fully assigned. LRMS 

(ESI+): m/z = 736 [M+H]+
. HRMS (ESI+) Calcd for C36H45N7O8S

+: 736.3123. Found: 

736.3113. 

2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-yl)acetic 

acid (83) 

 

Synthesized according to a literature procedure.78 Benzyl bromoacetate (370 µL, 2.33 

mmol) was added to a mixture of compound 25 (1g, 1.94 mmol) and K2CO3 (536 mg, 

82 83 25 
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3.88 mmol) in anhyd MeCN (10 mL) and the reaction stirred under Ar at rt and 

monitored by LCMS. Once complete, the reaction mix was filtered and the solvent 

removed in vacuo. The residue was purified by flash column chromatography (90:10 

DCM/MeOH) to give the intermediate compound 81 as a yellow solid (1.209g, 94%). Rf 

0.31 (90:10 CHCl3/EtOH).1H NMR (500 MHz, DMSO-d6, 338K) δ 7.36 (s, 5H, Ar), 

5.16 (s, 2H, COCH2 unique), 3.14 (br m, 6H, CH2), 2.63 (br s, 8H, aza), 2.31 (br s, 8H, 

aza), 1.46 (s, 9H, unique tBu), 1.43 (s, 18H, unique tBu). LRMS (ESI+): m/z = 223 

[M+Na]+. Compound 81 (1.2095 g, 1.82 mmol) was dissolved in MeOH (30 mL) and 

Pd/C (15%) was added. The reaction was left to stir at rt for 15 h. The reaction mix was 

filtered through celite and the solvent removed in vacuo to give the title compound as a 

yellow solid (0.88 g, 84%). Rf 0.35 (80:20 EtOAc/MeOH) m.p. 165-170 °C. 1H NMR 

(500 MHz, DMSO-d6) δH 3.21-1.81 (br, 24 H), 1.43 (br, 27H). 13C NMR (125 MHz, 

DMSO) δ 174.4 (CO), 172.8 (CO), 172.5 (COOH), 171.5 (CO) 81.4 (Cq), 56.2 

(CH2CO), 55.8 (CH2), 49.1 (CH2), 45.8 (CH2) 28.1 (3 × (CH3)3).
 1H NMR data matches 

reported literature values.77 

 

3-(2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-

yl)acetamido)propanoic acid (87) 

 

 

Synthesized according to an adapted literature procedure.97 Compound 82 (200 mg, 

0.35 mmol) was combined with NHS (76 mg, 0.663 mmol) and EDC (92 mg, 0.594 

mmol) in anhyd 1,4 dioxane (6 mL) and the reaction allowed to stir for 18 h at rt. Once 

complete the dioxane was removed in vacuo and the residue redissolved in DCM (20 

mL). The organic layer was washed with H2O (30 mL× 3). If an emulsion formed, brine 

(sat. NaCl ~ 10 mL) was added and the layers separate. The organic layer was collected, 

dried (MgSO4) and the solvent removed in vacuo to give the crude intermediate 86 

(0.2095 g, 90%) Rf 0.44 (8:1:1 MeCN/MeOH/NH3) that was taken forward without any 

86 87 
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further purification. Intermediate 86 was dissolved in anhyd MeOH: 1,4 dioxane (6 mL, 

1:1) before β-alanine (0.030 g, 0.34 mmol) was added. The reaction was allowed to stir 

overnight at rt. Consumption of starting material was confirmed by LCMS. The organic 

solvent was removed in vacuo and the residue purified by column chromatography 

(90:10 EtOac/MeOH → 8:1:1 MeCN/MeOH/NH3) to give the title compound as a dark 

yellow oil (0.088g, 46%) Rf 0.6 (8:1:1 MeCN/MeOH/NH3). The 1H NMR and 13C NMR 

data could not be fully assigned as peaks in the aliphatic region overlap and are broad. 

VT NMR was undertaken but coalescence of peaks still observed. Spectra are provided 

in Appendix A. LRMS (ESI+): m/z = 666 [M+H]+
. HRMS (ESI+) Calcd for 

C31H57N5NaO9
+: 666.4049. Found: 666.4070. 

 

Tri-tert-butyl 2,2',2''-(10-(2-oxo-14-(4-(3-oxo-3-((4-sulfamoylphenethyl)amino)-2-

(2-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-

yl)acetamido)propyl)-1H-1,2,3-triazol-1-yl)-6,9,12-trioxa-3-azatetradecyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (84) 

 

Synthesized according to an adapted literature procedure.74 Compound 82 (245 mg, 

0.428 mmol) was combined with HOBt (66 mg, 0.428 mmol) and DMAP (71 mg, 0.585 

mmol) in anhyd DMF (6 mL). After stirring for ~5 min, EDC (82 mg, 0.438 mmol) was 

added and the reaction mix allowed to stir under Ar for ~30 min. Compound 79 (100 

mg, 0.195 mmol) in DMF (2mL) was then added and the reaction allowed to stir at rt 

overnight under inert atmosphere. Confirmation of the title compound 84 was confirmed 

by LRMS. Despite several purification attempts, the title compound could not be 

isolated, but formation of the compound was confirmed by HRMS (ESI+) Calcd for 

C77H135N15NaO20S
+: 1644.9621. Found: 1644.9958. 
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Tri-tert-butyl 2,2',2''-(10-(2-((3-(1-(1-(9H-fluoren-9-yl)-3-oxo-2,7,10,13-tetraoxa-4-

azapentadecan-15-yl)-1H-1,2,3-triazol-4-yl)-1-oxo-1-((4-sulfamoylphenethyl) 

amino)propan-2-yl)amino)-2-oxoethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triyl)triacetate (89) 

 

 

Compound 82 (120 mg, 0.2 mmol) was combined with HOBt (32 mg, 0.20 mmol) and 

anhyd DIPEA (0.2 mL, 1.22 mmol) in anhyd DMF (5 mL). After stirring for ~5 min, 

EDC (40 mg, 0.20 mmol) was added and the reaction mix allowed to stir under Ar for 

~30 min. Compound 80 (130 mg, 0.175 mmol) in DMF (2mL) was then added and the 

reaction allowed to stir at rt overnight. Confirmation of the title compound 83 was 

confirmed by LRMS. Despite several purification attempts, 89 could not be isolated, but 

formation of the title compound was confirmed by HRMS (ESI+) Calcd for 

C64H95N11NaO15S
+: 1312.6622. Found: 1312.6632. 
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3.1. Introduction 

Five single modal imaging agent precursors were designed and synthesised to target 

carbonic anhydrase IX (Figure 48). Generation I consisted of two imaging agent 

precursors that incorporated the DOTA macrocycle reporter group (3 and 4). Generation 

II consisted of three imaging agent precursors that incorporated a NOPO macrocycle 

reporter group masked with zinc (60, 61 and 62). 

 

 

Figure 48: Single modal imaging agent precursors to target CA IX. 

Generation I imaging agent precursors (3 and 4) can be labelled for both MRI (Gd) and 

for PET (68Ga), and with the assumption that both compounds have similar 

pharmacokinetics, can be injected simultaneously for MRI/PET imaging. 68Ga is one of 

the radionuclides of choice for PET imaging because of its favourable half-life (t½ = 68 

min) and straightforward production in a tabletop 68Ge/68Ga generator without the need 

for a cyclotron. In this chapter, the “cold” metal insertion of Gd and natGa into 

Generation I DOTA imaging agent precursors is described. The biopharmaceutical 
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properties of these “cold” complexes is explored and preliminary 67Ga radiolabelling 

completed. 67Ga has a favourable t½ (3.26 d) allowing optimization of radiolabelling 

conditions, purification methodology and reformulation procedures prior to using the 

shorter half-life PET radionuclide 68Ga. 67Ga is a useful tool for the assessment of key 

parameters of gallium-based radiopharmaceuticals; including radiochemical stability, 

metabolic stability and plasma protein binding. This in turn informs subsequent 

decisions on in vivo protocols.  

Generation II imaging agent precursors (60-62) were designed specifically for 

SPECT/PET. The NOPO macrocycle has unique characteristics that lead to an 

improved stability of the Ga-NOPO complex (log K=25.01) compared to Ga-DOTA 

(log K= 21.3). As described in Chapter 2, the NOPO reporter group was masked with 

zinc prior to the final amide coupling synthesis step to facilitate isolation of the 

precursors. In this chapter, proof-of-concept transmetallation of the zinc masked NOPO 

reporter groups of 60-62 to natGa is explored and the preliminary 67Ga radiolabelling of 

these compounds described. 

3.2. Synthesis, radiolabelling and biopharmaceutical evaluation of Generation I 

imaging agent precursors 

3.2.1. Preparation of PET Generation I natGa complexes 

To prepare proof-of-concept PET agents natural gallium (natGa3+) was incorporated in to 

imaging agent precursors 3 and 4 to give Ga-3 and Ga-4 (Figure 49). 

 

Figure 49: Generation I imaging agents labelled with natGa. 

Labelling with natGa requires careful pH control. Ga(OH)3 may precipitate between pH 

3-7 and above pH 9.5, soluble gallate ions form [Ga(OH)4]-, however, the pH must be 

low enough to deprotect the electron donor atoms of the bifunctional chelator (BFC).1 

Ga-3 Ga-4 
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In this project, labelling of 3 and 4 with natGa was completed in MilliQ water with the 

pH adjusted to pH 4.5 using HCl (1.0 M) or NaOH (1.0 M). Labelling was followed by 

RP-18 flash column chromatography to remove traces of insoluble Ga(OH)3. An 

alternative workup was explored where H2O was removed from the reaction mixture in 

vacuo, the residue redissolved in MeOH and the solution filtered to generate the final 

compounds natGa-3 or natGa-4 as the HCl salt. Greater than 95% purity was observed by 

HPLC for both workup and purification methods but the RP-18 purification method was 

preferred as this eliminates residual HCl from downstream acidification.  

3.2.2.  Preparation of MRI Generation I Gd complexes 

To prepare MRI contrast agents Gd-3 and Gd-4, gadolinium (Gd3+) was incorporated 

into the DOTA reporter group of imaging agent precursors 3 and 4 (Figure 50).  

 

Figure 50: Generation I imaging agents labelled with Gd. 

For Gd labelling, the reaction was straightforward. GdCl3•6H2O was added to the 

imaging agent precursor 3 or 4 in MilliQ H2O and the pH adjusted to ~5.5. The reaction 

mix was heated (90 - 95 °C) and the reaction monitored by LCMS.  After complete 

metal insertion was observed by LCMS, the Gd labelled imaging agents were purified 

by RP-18 flash column chromatography or redissolved in MeOH as described above 

and products isolated in quantitative yield.  Due to line broadening in NMR caused by 

the lanthanide induced shift (LIS, discussed in Chapter 4) Gd-3 and Gd-4 could not be 

structurally characterised by NMR. The magnitude of line broadening is ion dependent, 

for Gd3+ line broadening is a result of the relatively long relaxation time of the Gd3+ 

ion.2 While it is possible to synthesise the Eu3+ complexes to retrieve this structural 

NMR information,3 in this project, the Ga3+ complexes Ga-3 and Ga-4 were available 

and so were used for characterisation. 

 

Gd-3 Gd-4 
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3.2.3.  CA Inhibition Assay of Generation I Gd and “cold” Ga complexes 

Inhibition data of Generation I metal complexes natGa-3, Gd-3, natGa-4, Gd-4 were 

measured using a “stopped flow” hydration assay that monitors the CA catalysed 

hydration of CO2 (Eq. 13). As the CA enzymes are inhibited, the change in pH can be 

quantified and the IC50 (the amount of compound required for 50% inhibition of the 

enzyme) determined. The inhibition constant can then be defined using the Cheng-

Prusoff equation (Eq. 14). 

 CO2 + H2O  HCO3
- + H+ 

 

(13) 

 
𝐾𝑖 =  

𝐼𝐶50

1 +
[𝑆]
𝐾𝑚

 
(14) 

   

Where [S] is the concentration of the ligand and Km the test compound concentration at 

half its maximum activity.4 The CA inhibition profiles for natGa-3, Gd-3, natGa-4, Gd-4 

were measured for the cancer-associated CA isozymes, CA IX and XII, and off target 

CA isozymes, CA I and II (Table 9) and compared to literature values for the reference 

CA inhibitor acetazolamide (AAZ).5  

Table 9: Inhibition data for human CA isozymes I, II, IX and XII with compounds natGa/Gd- 
3, natGa/Gd-4 and reference compound acetazolamide (AAZ). 

Entry Compd Ki (nM)a,b Selectivityc 

hCA I hCA II hCA IX hCA XII CA I/CA 

IX 

CA II/CA 

IX 

CA XII/ 

CA IX 

1 AAZ5 250 12 25 n/a 10 0.48 n/a 

2 natGa-3 387 72.5 84.7 59.6 4.57 0.85 0.70 

3 natGa-4 169 78.3 63.1 56.8 2.67 1.24 0.90 

4 Gd-3 3347 369 82.9 9.3 40.37 4.45 0.11 

5 Gd-4 443 69.2 65.2 28.6 6.79 1.06 0.44 

aErrors in the range of ± 5% of the reported value, from three determinations. bMeasured using 

a stopped flow assay that monitors the physiological reaction (CA catalysed hydration of 
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CO2).6,7 cSelectivity is determined by the ratio of Kis for CA isozymes I, II and XII relative to CA 

IX.  

Similar inhibition results are observed for natGa-3 and natGa/Gd-4. Inhibition data 

suggests the compounds have low affinity for CA I yet bind well to CA II, CA IX and 

CA XII (Ki range 28.6 – 84.7 nM). The only anomaly is Gd-3 which shows lower 

affinity for CA I and CA II and binds well to CA XII. As the compounds bind to CA II 

this supports the significance of designing imaging agents to have reduced cell 

membrane permeability to limit access to the intracellular CA II and favour specificity 

of targeting extracellular CA IX.  

3.2.4.  67Ga radiolabelling of 3 and 4 

Imaging agent precursors 3 and 4 were purified by HPLC prior to radiolabelling with 

67Ga. The reaction conditions for radiolabelling with 67Ga were optimized, specifically 

reaction buffer (HEPES vs sodium acetate), precursor concentration and acid 

concentration were investigated. [67Ga]GaCl3 in 0.1 M HCl was prepared from 

commercial 67Ga citrate for injection (Lantheus) via standard conversion methods.8 

Imaging agent precursor 3 (25 nmol) was initially radiolabelled in HEPES buffer (1.0 

M) with 67GaCl3 (~20 MBq in 0.1 M HCl) and proceeded with a radiolabelling 

efficiency of > 99% at ~pH 4.3.  However, as sodium acetate has a more favourable pH 

range for buffering (pH 6.8-8.2 for HEPES vs 3.7-5.6 for sodium acetate9), 

radiolabelling of 3 was subsequently carried out in sodium acetate buffer (pH 4.3) and 

the radiolabelling efficiency was greater than 98%. Radiolabelling of 4 (25 nmol) with 

67Ga proceeded similarly with equally high radiolabelling efficiency > 98%. To 

conserve compound, subsequent radiolabelling was undertaken using 10 nmol of 

precursor. At the lower amount of precursors 3 and 4, the UV baseline of both traces 

showed several low absorbance impurities that were not evident at 25 nmol (Figure 51), 

however, the radiolabelling efficiency was > 99% for 3 and > 98% for 4, respectively. 
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Figure 51: Analytical RP-HPLC radio-trace chromatogram (left top) and UV chromatogram 
(left bottom) of [67Ga]-3 produced in high yield from 3 (10 nmol), ~20 MBq of 67GaCl3 in 
sodium acetate buffer. Analytical RP-HPLC radio-trace chromatogram (right top) and UV 
chromatogram (right bottom) of [67Ga]-4 produced in high yield from 4 (10 nmol), ~20 
MBq of 67GaCl3 in sodium acetate buffer. Waters Atlantis® T3 4.6 × 150 mm, 3 µm, 1.5 
ml/min flow rate (8:92 or 12:88 MeCN/ammonium formate (120 mM)). 

To confirm that the observed peak in the radio-trace chromatogram RP-HPLC trace was 

for the 67Ga labelled product, the reaction mixture [67Ga]-3 (25 nmol) or [67Ga]-4 (25 

nmol) was spiked with the corresponding “cold” natGa compound, natGa-3 (~5 nmol) or 

natGa-4 (~5 nmol), respectively, and the RP-HPLC retention times of “cold” and 

radiolabelled compounds compared (Figure 52). 

[67Ga]-4 [67Ga]-3 
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Figure 52: Analytical RP-HPLC radio-trace chromatogram (left top) and UV chromatogram 
(left bottom) of [67Ga]-3 co-injected with natGa-3 produced in high yield from 3 (25 nmol), 
~20 MBq of 67GaCl3 in sodium acetate buffer. Analytical RP-HPLC radio-trace 
chromatogram (right top) and UV chromatogram (left bottom) of [67Ga]-4 co-injected with 
natGa-4 produced in high yield from 4 (25 nmol), ~20 MBq of 67GaCl3 in sodium acetate 
buffer. Waters Atlantis® T3 4.6 × 150 mm, 3 µm, 1.5 ml/min flow rate (8:92 for [67Ga]-3 
12:88 for [67Ga]-4 MeCN/ammonium formate (120 mM)). 

Next, to evaluate the robustness of the radiolabelling method, the precursor quantity 

was progressively reduced from 10 nmol to 1 nmol and the radiochemical yield 

quantified (Table 10). [67Ga]-4 was efficiently radiolabelled down to 1 nmol ( 98% 

radiochemical yield). [67Ga]-3 was efficiently radiolabelled down to 2 nmole ( 98% 

radiochemical yield) but at 1 nmol, the radiochemical yield dropped substantially 

(61%).  

Table 10: Radiochemical yield of [67Ga]-3 and [67Ga]-4 at different precursor 
concentrations 

Entry Precursor 

concentration (nmol) 

[67Ga]-3 

radiochemical yield 

(% by RP-HPLC) 

[67Ga]-4 

radiochemical yield 

(% by RP-HPLC) 

1 25 >98 >98 

2 10 99 ± 1.4 %a 98.5 ± 0.7%a 

3 5 n/a >99 

4 2 98 100 

5 1 61 >99 

astandard deviation taken from two runs 

[67Ga]-4 

4 

[67Ga]-3 

[natGa]-3 /  

[67Ga]-3 3 

[natGa]-4 /  

[67Ga]-4 
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3.2.5.  Biopharmaceutical properties of [67Ga]-3 and [67Ga]-4 

As only one compound was to be taken forward for 68Ga radiolabelling and preclinical 

PET imaging, the biopharmaceutical properties of the radioactive [67Ga]-3 and [67Ga]-4 

compounds were assessed to inform the selection of which compound. A semi-

preparative RP-HPLC method was developed to isolate the radioactive fractions of 

[67Ga]-3 and [67Ga]-4 using a Waters Atlantis® T3 column. The stability of the purified 

[67Ga] radiolabelled compounds [67Ga]-3 and [67Ga]-4 was assessed in phosphate 

buffered saline (PBS) (Table 11). Both radiolabelled compounds were stable, with ≥ 

95% of the parent compound remaining after ~18 h incubation at 37.5 °C and ≥ 90% 

remaining after 96 h incubation. If a radiotracer displays a high level of serum protein 

binding, it is effectively considered unusable as a high plasma background will result in 

poor image quality images. The protein binding of [67Ga]-3 and [67Ga]-4 to human 

serum (HS) was measured. Protein binding was minimal (< 8%, n = 3) after 48 h (Table 

12). Both compounds show favourable radiochemical purity and stability, however, 

[67Ga]-4 was selected for follow up in vivo PET studies as the 68Ga analogue, [68Ga]-4 

as it processes good preliminary physicochemical properties. 

Table 11: [67Ga]-3 and [67Ga]-4 stability in PBS buffer at 37.5 °C.a 

Entry Experiment 15-21 h 96 h 

1 [67Ga]-3 95 % 90% 

2 [67Ga]-4 98% 94% 

a (n = 3)  

Table 12: [67Ga] HS binding (% of total activity in chromatogram) vs time. 

Entry Experiment 1 h 18 h 24 h 48 h 

1 [67Ga]-3 HS1 1.7 1.9 2.7 4.1 

2 [67Ga]-3 HS2 - 2.3 3.1 3.8 

3 [67Ga]-4 HS1 0.5 3.5 5.3 7.2 

4 [67Ga]-4 HS2 - 3.2 4.6 5.6 

 

3.2.6.  Optimising radiolabelling conditions for 68Ga 

To transfer the established radiolabelling conditions from 67Ga to 68Ga, for later PET 

imaging studies, the following parameters were considered important to address for 
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transfer of the method: (i) the elution conditions required for 68Ga production, and (ii) 

the shorter half–life of 68Ga (68 min) as compared to 67Ga (3.26 d).   

The 68Ga for this project was produced in an iThemba 1480 MBq 68Ge/68Ga generator 

and eluted in 0.6 M HCl (discussed in Chapter 5). Therefore the 67Ga radiolabelling 

protocol was optimised for 0.6 M HCl to ensure stability of the radiolabelled compound. 

[67Ga]GaCl3 (20 MBq, 70 µL, 0.1 M) was adjusted to a HCl concentration of 0.6 M by 

addition of HCl (3.7 µL, 9.45 M). This was then combined with imaging agent 

precursor 4 (10 nmol) and sodium acetate (pH 4.3). After 10 min at 95 °C, the 

radiochemical yield was checked by RP-HPLC and was 100%.  

Purification of radiolabelled compounds is important to formulate the compounds for 

animal imaging studies (for example to remove excess sodium acetate). As RP-HPLC 

method development and purification is a time consuming process and ill suited to the 

transferability of this purification method from 67Ga to the shorter half-life radionuclide 

68Ga, a purification method for [67Ga]-4 was also developed using more rapid Solid 

Phase Extraction (SPE) techniques on reverse-phase (C18) cartridges. [67Ga]-4 was 

purified using a C18 Sep-Pak plus cartridge with little or no radioactivity left on the 

cartridge. The radioactive product [67Ga]-4 eluted in EtOH/PBS×1 (PBS (0.01 M), NaCl 

(0.154 M)) or EtOH/saline (0.9% NaCl aqueous) (1:1) (Graph 1) with a recovery of 

96% based on the initial radioactivity. 

 

Graph 1: Radioactivity (MBq) measured for each fraction of SPE C18 purification of 
[67Ga]-4. Radioactive product [67Ga]-4 elutes in EtOH/saline (1:1) fractions (corrected for 
background). 
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3.2.7.  Cell Toxicity Assay (MTT assay) 

Cytotoxicity of the compounds natGa-4 and Gd-4 was tested via a standard methyl 

thiazolyl tetrazolium (MTT) assay using MDA breast cancer cells, and was repeated in 

triplicate. Cells remained viable and no significant toxicity (P < 0.05) was observed up 

to 1 mM for either natGa-4 (Graph 2) or Gd-4 (Graph 3). 

 

Graph 2: Cell viability as % of control of MDA breast cancer cells exposed to Ga-4 for 24 
h. 

 

Graph 3: Cell viability as % of control of MDA breast cancer cells exposed to Gd-4 for 24 
h. 

3.2.8.  Biopharmaceutical properties of natGa/Gd-4 

Biopharmaceutical properties of cold natGa-4 and Gd-4 were assessed (Table 13): by 

extrapolation the properties of natGa-4 this should reflect those expected for the 

radiolabelled analogue [68Ga]-4. The in vitro metabolic stability of compound natGa-4 
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and Gd-4 in mouse liver microsomes was measured in the presence and absence of 

NADPH, the cofactor required for oxidative metabolism by CYP450s. Compound natGa-

4 and Gd-4 exhibited minimal microsomal degradation (t½ > 247 min and 232 min 

respectively) and it is expected that these compounds are subject to low hepatic 

clearance in vivo. The in vitro intrinsic clearance of natGa-4 and Gd-4 was low (< 7 and 

7 µL/min/mg protein, respectively). The in vitro membrane permeability (Papp) of 

natGa-4 and Gd-4 in the Caco-2 cell model (pH 7.4) was measured.  natGa-4 and Gd-4 

were not detected in the Caco-2 assay acceptor chamber, while good mass balance (92 ± 

6% and 96 ± 6% respectively) confirmed minimal retention of the compound within the 

cell monolayer and minimal nonspecific adsorption. The experimental value measured, 

Papp < 0.7 cm s-1 and < 0.6 cm s-1, indicates that natGa-4 and Gd-4 have very low cell 

membrane permeability. The stability and extent of plasma protein binding of natGa-4 

and Gd-4 in mouse plasma was analysed. The measured concentration of natGa-4 in 

mouse plasma samples (37 °C) quenched at 2 min was unchanged. However, at 10 min, 

the concentration of natGa-2 had dropped but then remained steady over the remainder 

of the 4 h incubation. Gd-4 was relatively unchanged over the 4 h period. Plasma 

protein binding of natGa-4 and Gd-4 was low (39% and 31% respectively) following 4 h 

incubation.  

Table 13: Biopharmaceutical properties of compounds natGa-4 and Gd-4 

Compd Degradation 

t½ (min)a 

In vitro CLint 

(µL/min/mg protein)a 

Microsome-

Predicted EH
b 

Papp 

(cm.s-1)c 

Plasma 

protein 

binding (4 h)d 

natGa-4 > 247 < 7 < 0.13 < 0.7 39% 

Gd-4 232 7 0.14 < 0.6 31% 

aValues are represented as mean ± SD (n = 3). Metabolic stability parameters for compound 

natGa-4 based on NADPH-dependent degradation profiles in mouse liver microsomes. In vitro 

intrinsic clearance value (CLint, in vitro). bPredicted in vivo hepatic extraction ratio (EH). cPapp = 

apparent permeability across Caco-2 monolayers. dValues are the average of duplicate 

determinations.   

Collectively, these additional properties of natGa-4 and Gd-4 are indicative of safe, well 

tolerated compounds with physicochemical properties suited to preferential targeting of 

CA IX over intracellular CAs; hence a favourable tumour to blood (TBR) ratio is 

expected for the corresponding 68Ga compound.  
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3.3. Synthesis, radiolabelling of Generation II imaging agent precursors 

As discussed in Chapter 2, to synthesise Generation II imaging agent precursors, the 

NOPO macrocycle was initially masked with zinc (56, Scheme 33) and the amide 

coupling of 56 with 4-AEBS, 37 or 38 proceeded in basic anhydrous conditions to 

generate three zinc masked NOPO imaging agent precursors (60-62) (Figure 53). 

Scheme 33: Masking the NOPO macrocycle (48) with ZnCl2 to give Zn-NOPO (56). 

 

 

Figure 53: Single modal NOPO imaging agent precursors to target CA IX. 

3.3.1. Transmetallation of Zn-NOPO (56) to Ga-NOPO (57) 

Proof-of-concept transmetallation of Zn2+ to Ga3+ in the Zn-NOPO macrocycle (56) 

prior to conjugation to the variable linking components (4-AEBS, 37 or 38) was 

examined as transmetallation at this point would allow for a more convergent path to 

the three target Generation II compounds as well as give a preliminary indication as to 

the ease of transmetallation. While labelling of Generation I compounds with Ga3+ was 

carried out at pH 4-4.5, the transmetallation of Zn2+ to Ga3+ was carried out at pH 2. 

Previously Šimeček had noted release of Zn2+
 contaminants from their NOPO 

complexes at pH 2 and so it was expected that this pH would be favourable for the 

transmetallation reaction.10 Zn-NOPO (56) was combined with Ga(NO3)3•×H2O 
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(excess) and heated (80 °C) at ~pH 2 (Scheme 34). After 3 h, conversion of Zn-NOPO 

(56) to Ga-NOPO (57) was observed as determined by positive ESI MS. 

Scheme 34: Proof-of-concept transmetallation of Zn-NOPO (56) to Ga-NOPO (57). 

 

 

3.3.2. Transmetallation of Zn2+ imaging agent precursors 60-62 to Ga3+ 

imaging agents 61-62 

As discussed in Chapter 2, the zinc precursor imaging agents (60-62) did not give the 

expected m/z and we postulated that unlike Ga3+ which adopts a pseudo-octahedral 

structure, Zn2+ instead adopts a neutral distorted trigonal bipyramidal structure. Despite 

the structural difference, no problem with transmetallation was expected.  

Proof-of-concept transmetallation of the Zn-NOPO imaging agents was initially 

examined on a small scale (< 10 mg) with precursor 61 to give the corresponding natGa-

61 compound (Scheme 35). Non-HPLC purified 61 was combined in H2O with 

Ga(NO3)3•XH2O (excess), the pH adjusted to pH 2 and the reaction heated at 80 °C 

overnight. After this time, only product natGa-61 and no zinc precursor 61 was observed 

by LCMS. Although transmetallation of precursor 61 gave complete conversion the 

long reaction time (16 h) is not compatible with the short half-life of 68Ga (t½ = 68 min) 

and further optimization is required. Transmetallation of 60 and 62 with 

Ga(NO3)3•XH2O (3-5 h) proceeded similarly and resulted in the formation of the Ga 

complexes, natGa-60 and natGa-62 as determined by HRMS (Figure 54). 
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Scheme 35: Proof-of-concept transmetallation of 60-62 to the Ga counterpart natGa-61. 

 

A = natGa-60 
B = natGa-61 
C = natGa-62 

 
 

 
 

 

A = 60 
B = 61 
C = 62 
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Figure 54: HRMS ESI traces A1) experimental MS for natGa-60; A2) calculated MS for for 
natGa-60; B1) experimental MS for natGa-61, B2) calculated MS for natGa-61, C1) 
experimental MS for natGa-62, C2) calculated MS for natGa-62. 
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3.3.3.  67Ga radiolabelling of 60 and 62 

Generation II imaging agent precursors 60-62 were purified by RP-HPLC prior to 

radiolabelling. Different RP-18 conditions were employed than those described in 

Chapter 2. RP-HPLC purification of 60 and 62 was successful but RP-HPLC 

purification of 61 introduced an unrelated HPLC system contaminant. Despite 

significant efforts to repurify 61, including SPE and RP-HPLC methods, 61 could not 

be recovered in sufficient purity. Radiolabelling via transmetallation for 60 and 62 was 

studied, while radiolabelling for impure 61 was not. 

Imaging agent precursor 60 (100 nmol) was radiolabelled at pH 3 in ammonium formate 

buffer (100 mM) with 67GaCl3 (14-17 MBq in 0.1 M HCl) (90 °C, 20 min) to give 

[67Ga]-60 (Scheme 36) with a radiolabelling efficiency of > 99% quantified by RP-

HPLC (Figure 55). Precursor 60 elutes at ~13 min, the [67Ga]-60 complex at ~8.8 min. 

To reduce the reaction time (from 20 min), the labelling reactions were repeated at 95 

°C. It was found that > 96% radiolabelling was achieved after 5 min at 95 °C and > 97% 

after 10 min. 

Scheme 36: Radiolabelling of 60 with 67Ga 
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Figure 55: Analytical RP-HPLC radio-trace chromatograms (top) and UV chromatograms 
(bottom) of [67Ga]-60 produced from 60 (100 nmol, left, 20 nmol, right).  Waters Atlantis® 
T3 4.6 × 150 mm, 3 µm, 1.25 ml/min flow rate (95:5 → 10:90 H2O + 0.1 % TFA/MeCN + 0.1% 
TFA) 

To test the robustness of the radiolabelling method, the quantity of precursor 60 was 

reduced from 100 nmol progressively to 0.5 nmol, radiolabelled and the radiochemical 

yield calculated. Precursor 60 radiolabelled well (>96%) at 10 nmol and above, while 

below 10 nmol the radiochemical yield dropped (Table 14).  

Table 14: Radiochemical yield of [67Ga]-60 at different precursor concentrations 

Entry Precursor 60 (nmol) Radiochemical yield (RP-HPLC, %) 

1 100 97.48 

2 25 98.09 

3 10 96.27 

4 5 81.37 

5 2 45.11 

6 1 26.06 

7 0.5 22.06 

 

Radiolabelling of precursor 62 at 100 nmole (~20 MBq 67GaCl3, NH4HCO2 (200 µL, 

100 mM), pH 3, 90 °C, 20 min) (Scheme 37) did not proceed as well as for precursor 

60. The maximum radiolabelling efficiency achieved was 16% (Figure 56, left). 

Analytical RP-HPLC radio-trace chromatograms of the reaction mixtures shows that 

[67Ga]-60 [67Ga]-60 



                                                                                                                                                Chapter 3 

210 

 

free gallium [67Ga] elutes at ~2 min, imaging agent precursor 62 elutes at ~13 min and 

[67Ga]-62 elutes at ~8.6 min. Reducing the amount of precursor 62 (20 nmol) to be 

radiolabelled with 67Ga (Figure 56, right) was detrimental to the radiolabelling 

efficiency and only 5.06% radiolabelling yield was achieved. Upon investigation this 

poor radiolabelling was attributed to non-UV active impurities in precursor 62. 

Scheme 37: Radiolabelling of 62 with [67Ga] 

 

 

Figure 56: Analytical RP-HPLC radio-trace chromatograms (top) and UV chromatograms 
(bottom) of [67Ga]-62 produced from 62 (100 nmol, left, 20 nmol, right).  Waters Atlantis® 
T3 4.6 × 150 mm, 3 µm, 1.25 ml/min flow rate (95:5 → 10:90 H2O + 0.1 % TFA/MeCN + 0.1% 
TFA) 

Conversion of 62 (100 nmol) to [67Ga]-62 at an increased reaction temperature (95 °C) 

was assessed. The radiochemical yield was quantified by RP-HPLC. While the yield 

was consistent from 5 min up to 60 min no improvement in radiolabelling was observed 

at this increased temperature (Table 15).  

67Ga-62 
 

 

62 
 
 

 

[67Ga]-62 
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Table 15: Radiochemical yield of [67Ga]-62 from 62 (100 nmol) at different reaction 
temperature and times 

Entry Time (min) Temp (°C) Radiochemical yield 

(RP-HPLC, %) 

1 5 95 14.32 

2 10 95 13.23 

3 20 90 16.28 

4 60 95 14.39 

 

3.3.4. Ongoing work Generation II imaging agents 

3.4. Ongoing work and Conclusions 

Two Generation I imaging agent precursors, 3 and 4 were successfully labelled with Gd, 

“cold” natGa and “hot” 67Ga. Radiolabelling conditions were examined for robustness 

and preliminary stability of radiolabelled compounds analysed. Compound 4 was 

chosen as our lead compound based on the preliminary radiolabelling evaluation and 

stability studies. The toxicity of both Gd-4 and natGa-4 was analysed via an MTT assay 

and showed no appreciable toxicity ≤ 1 mM. Pharmacokinetic studies were undertaken 

and collectively, these additional properties of natGa-4 and Gd-4 are indicative of safe, 

well tolerated compounds with physicochemical properties suited to preferential 

targeting of CA IX over intracellular CAs.  

Three Generation II imaging agent precursors were designed that were masked with 

Zn2+. Proof-of-concept studies showed the successful transmetallation of Zn2+ to Ga3+ 

from Zn-NOPO 56 to natGa-NOPO 57 and the amide coupled precursor 61 to natGa-61. 

Radiolabelling of 60 with 67Ga was successful, with maximum radiolabelling yields > 

99%, whereas radiolabelling of 62 with 67Ga was much poorer, proceeding with a 

maximum radiolabelling yield of 16%. The low yield for 62 was associated with non-

UV active impurities. Imaging agent precursors 60-62 were resynthesized and purified 

by RP-HPLC (Chapter 2). Project collaborators at the Australian Nuclear Science 

Technology Organization (ANSTO) will carry out further radiolabelling and 

optimisation experiments (including buffer and pH changes) of these precursors with 

67/68Ga.  
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3.5. Experimental Generation I 

3.5.1. Synthesis of “cold’ complexes Ga/Gd-3 and Ga/Gd-4 

General Procedure 1: Addition of Gd 

The imaging agent precursor (3 or 4, 1.0 equiv) was suspended in H2O and 

GdCl36H2O (aq) (1.1 equiv) added. The pH of the reaction was adjusted to ~pH 5.5 

using KOH (1.0 M) or HCl (1.0 M). The reaction mixture was heated at 90 °C 

overnight. Reaction progress was monitored by LCMS. Products were purified by RP-

18 flash column chromatography (H2O/MeOH 100:0→5:95%) and the solvent removed 

in vacuo leaving a hygroscopic solid.  

 

General Procedure 2: Addition of “cold” Ga 

The parent compound (3 or 4, 1.0 equiv) was suspended in H2O and Ga(NO3)3xH2O 

(aq) (excess) added. The pH of the reaction was adjusted to ~pH 4.5 using KOH (1.0 M) 

or HCl (1.0 M). The reaction mixture was heated at 80 °C and the pH monitored and 

adjusted accordingly to maintain pH 4.5. The pH stabilised after ~2 h. Reaction progress 

was monitored by LCMS. Products were purified by RP-18 flash column 

chromatography (H2O/MeOH 100:0→5:95%) and the solvent removed in vacuo leaving 

a hygroscopic solid.  

 

2,2',2''-(10-(2-Oxo-2-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 

Gadolinium complex (Gd-3) 

Compound 3 (31.5 mg, 0.047 mmol) was treated as per general procedure 1 to give the 

title compound as a hygroscopic white solid (hydroscopic therefore yield inaccurate 

108% yield). LRMS (ESI-): m/z = 821 [M-H]-. HRMS (ESI) Calcd for 

C27H38GdN9NaO9S
+: 821.1685. Found: 821.1675 

 

2-[4,10-Bis(carboxymethyl)-7-[([2-[2-(2-[2-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-

1-yl]ethoxy]ethoxy)ethoxy]ethyl]carbamoyl]methyl]1,4,7,10 tetraazacyclododecan-

1-yl]acetic acid  Gadolinium complex (Gd-4) 

Compound 4 (50 mg, 0.064 mmol) was treated as per general procedure 1 to give the 

title compound as a hygroscopic white solid (quant). Rf 0.65 (RP-18 TLC 50:50 
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H2O/MeOH). LRMS (ESI+): m/z 941 [M+H]+. HRMS (ESI) Calcd for 

C32H49GdNaN9O12S
+: 963.2282. Found: 963.2282. 

 

2,2',2''-(10-(2-Oxo-2-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid 

Gallium complex (natGa-3) 

Compound 3 (48 mg, 0.071 mmol) was treated as per general procedure 2 to give the 

title compound as a hygroscopic white solid. LRMS (ESI-): m/z = 734 [M-H]-. HRMS 

(ESI) Calcd for C27H38GaN9NaO9S
+:756.1661. Found: 756.1660. 

 

2-[4,10-Bis(carboxymethyl)-7-[([2-[2-(2-[2-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-

1-yl]ethoxy]ethoxy)ethoxy]ethyl]carbamoyl]methyl]1,4,7,10 tetraazacyclododecan-

1-yl]acetic acid  Gallium complex (natGa-4) 

Compound 4 (50 mg, 0.064 mmol) was treated as per general procedure 2 to give the 

title compound as a hygroscopic white solid. Rf 0.65 (RP-18 TLC 60:40 H2O/MeOH). 

LRMS (ESI+): m/z 852 [M+H]+. HRMS (ESI) Calcd for C32H49GaN9O12S
+: 852.2472. 

Found: 852.2460. 

3.5.2. RP-HPLC purification of imaging agent precursors 3 and 4 

2,2',2''-(10-(2-Oxo-2-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)ethyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid (3) 

Samples for radiolabelling (8.5 mg) were purified using HPLC (isocratic 7:93 

MeCN:H2O + 0.1% formic acid – Waters Atlantis® T3 C18, 19 × 150 mm, 10 µM at a 

flowrate of 12 mL/min). Product fractions were collected and solvent removed in vacuo 

(4.4 mg, 52%).  

 

2-[4,10-Bis(carboxymethyl)-7-[([2-[2-(2-[2-[4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-

1-yl]ethoxy]ethoxy)ethoxy]ethyl]carbamoyl]methyl]1,4,7,10 tetraazacyclododecan-

1-yl]acetic acid  (4) 

Samples (4.4 mg) were further purified via HPLC prior to radiolabelling (Isocratic 

10:90 MeCN: H2O +0.1% Formic acid – Waters Atlantis® T3 C18, 19 × 150 mm, 10 

µm, at a flowrate of 12 mL/min). Product fractions were collected and solvent removed 

in vacuo (1.2 mg, 19%).  
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3.5.3.  Cell culture 

Human MDA-MB-231 breast cancer cells (ATCC®-26™) for toxicity studies were 

cultured in Roswell Park Memorial Institute medium (RPMI)-1640 media supplemented 

with 10% FBS, 100 U/mL penicillin and 100 µg/mL streptomycin at 37 °C and 5% 

CO2. Typically, cells were seeded at 3×104 cells/well (200 µL, RPMI-1640) and 

allowed to grow for 24 h before being exposed to the compound of interest. Untreated 

cells were used as a control.  

3.5.4.  Cell toxicity assay 

Compounds were dissolved in RPMI media to a final concentration of 1 mM and linear 

dilutions ranging from 1 mM – 1 µM were carried out in culture medium. Untreated 

media with no vehicle was used as a control. After 24 h of treatment at 37 °C, 5% CO2, 

MTT followed by SDS (3 h later) were added to give a final well concentration of 0.89 

mM MTT and 0.128 mM SDS and the plates left overnight before being read by a 

SpectraMax fluorescence plate reader (Molecular Devices) at 570 nm. Experiments 

were performed in triplicate and repeated three times. Values were determined using the 

Graphpad prism software. 

3.5.5.  Radiolabelling  

3.5.5.1. Radiolabelling with 67Ga 

[67Ga]GaCl3 in 0.1 M HCl was prepared from commercial [67Ga]citrate for injection 

(Lantheus) via standard conversion methods.8 To an acid washed microcentrifuge tube, 

the DOTA complex (25 µL, 1 mM H2O) and sodium acetate buffer (100 µL, 0.1 M, pH 

4.3) were combined and the solution agitated. 67GaCl3 (18-21 MBq in 0.1 M HCl) was 

added and the solution heated at 95 °C for 10 min using a solid state heating block. The 

sample was stirred via convection. Once complete, a sample (20 µL, ~3 MBq) was 

analysed by HPLC and the radiochemical purity noted. Solutions were purified by 

HPLC (Waters Atlantis® T3, 10 × 250 mm, 5 µM, flow rate 3 mL/min) (or rapid 

reverse phase C-18 solid phase extraction (SPE, washed with copious amounts of H2O 

and compounds eluted in 50:50 EtOH:H2O).  
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3.5.5.2.  [67Ga]-3 and [67Ga]-4 stability vs human serum 

Human serum (150 µL), was placed in a previously acid washed 0.5 mL 

microcentrifuge tube. To this was added 10× PBS concentrate (15 µL), water (60 µL) 

and the radio-complex (75 µL in water, 0.24 -0.28 MBq).  The mixture was agitated via 

a bench vortex mixer and then incubated at 37.5 °C for the course of the study. 

Aliquots (5 -15 µL) were injected onto a Phenomenex Biosep SEC-S 3000 column 

(300mm × 7.8 mm ID, 5 µm, pore size 290 Å), with a mobile phase of sodium 

phosphate (50 mM), NaCl (300 mM), pH 7.0, 0.2 µm filtered) at 1 mL/min on a HPLC 

system. Serum uptake was assessed as a percentage of the total activity in 

chromatogram.  

3.5.5.3. [67Ga]-1 and [67Ga]-2 Stability in phosphate buffered saline 

10× PBS concentrate (20 µL), water (160 µL) and the radio-complex (20 µL in water, 

0.2-0.23 MBq) were added together in a previously acid washed 0.5 mL 

microcentrifuge tube.  The solution was agitated and then incubated at 37.5 °C for the 

course of the study. 

Aliquots (5 -50 µL) were injected onto a Waters Atlantis® T3 C18 column (150 mm × 

4.6mm I.D., 3 µm), with a mobile phase of MeCN/ammonium formate buffer (120 mM, 

pH 4.43, 0.2 µm filtered) (16:84) at 0.6 mL/min on a HPLC system. Stability was 

assessed as a percentage of parent radio-complex. After 96 h, greater than 90% of the 

parent compound remained for both [67Ga]-3 and [67Ga]-4. 

3.6. Experimental Generation II 

3.6.1. Proof-of-concept transmetallation of Zn-NOPO (56) to Ga-NOPO 

(57) 

To a solution of Zn-NOPO (56, 5 mg, 0.00895 mmol) in H2O (1.0 mL) was added 

Ga(NO3)3•×H2O (2.52 mg, 0.0985 mmol (based on dry weight Ga(NO3)3) and the pH 

adjusted to pH 2 (HCl 1.0 M or NaOH 1.0 M). The solution was stirred at 80 °C for 3 h 

when a sample was analysed by positive ESI MS and conversion of 56 to 57 observed 

(Figure 57).  



                                                                                                                                                Chapter 3 

216 

 

 

Figure 57: LRMS of reaction mixture of conversion of Zn-NOPO 56 to Ga-NOPO 57. 

3.6.2. Proof-of-concept transmetallation of Zn-61 to natGa-61 

61 (2 mg, 0.0035 mmol) was combined with Ga(NO3)3•×H2O (0.89 mg, 0.0985 mmol 

(based on dry weight Ga(NO3)3)) in H2O (1 mL). The pH was checked and found to be 

pH 2 and the reaction was heated to 80 °C for 3 h. After 3 h, the reaction mixture/the 

crude product was analysed by negative ESI MS and conversion of 61 to natGa-61 

observed (Figure 58). 
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Figure 58: LRMS of reaction mixture of conversion of 61 to natGa-61 

3.6.3. Transmetallation of 60-62 to natGa-61-62 

General Procedure 3: Synthesis of Ga-NOPO complexes 60-62 for HRMS  

To a solution of the HPLC purified Zn precursor complex (1 equiv) in H2O was added 

Ga(NO3)3•×H2O (2.5 equiv, aq) solution heated at 80 °C for 1-3 h. The crude product 

was sufficiently pure for HRMS analysis. 

((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(3-oxo-3-((4-sulfamoylphenethyl)amino)propyl)phosphinic acid gallium 

complex (natGa-60) 

 

The title compound was synthesized from 60 (2 µg, 0.027 mmol) using general 

procedure 3 and the crude natGa-60 was submitted for HRMS analysis. HRMS (ESI-) 

Calcd for C22H39GaNaN5O11P3S
-: 766.0728. Found: 766.0756 
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((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(13-oxo-1-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-yl)-3,6,9-trioxa-12-

azapentadecan-15-yl)phosphinic acid gallium complex (natGa-61) 

 

 

The title compound was synthesized from 61 (5 µg, 0.053 mmol) using general 

procedure 3 and the crude natGa-61 submitted for HRMS analysis. HRMS (ESI-) HRMS 

(ESI+) Calcd for C30H52GaNaN8O14P3S
+: 965.16845. Found: 965.965.16853. 

((4,7-bis((hydroxy(hydroxymethyl)phosphoryl)methyl)-1,4,7-triazonan-1-

yl)methyl)(3-oxo-3-((3-(4-(4-sulfamoylphenyl)-1H-1,2,3-triazol-1-

yl)propyl)amino)propyl)phosphinic acid gallium complex (natGa-62)

 

 

The title compound was synthesized from 62 (1 µg, 0.012 mmol) using general 

procedure 3 and the crude natGa-62 submitted for HRMS analysis. HRMS (ESI+) Calcd 

for C25H42GaNaN8O11P3S
+: 847.10545. Found: 847.10607. 

3.6.4. RP-HPLC purification of Generation II imaging agent precursors 

60-62 prior to radiolabelling 

Purification of all Generation II imaging agent precursors was carried out prior to 

radiolabelling using a Waters Atlantis® T3 10 × 250 mm, 5 µM semi-prep column, 5 

ml/min. The mobile phase used was in a ratio of A (H2O), B (MeCN) and C (H2O + 1% 

TFA) as indicated for each compound. 

Two sequential RP-HPLC purification methods were needed to purify 60. An initial 

purification (mobile phase isocratic 60:30:10 A/B/C) to remove a large impurity eluting 

at ~10 min was carried out. The product peak was collected between 4.4 and 5.6 min. 

This was subjected to further RP-HPLC purification (isocratic mobile phase of 65:25:10 

A/B/C) and the fractions containing 60 collected between 6.1-7.0 min.  
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Similarly, two sequential RP-HPLC purification methods were needed to purify 62. An 

initial purification (mobile phase isocratic 70:20:10 A/B/C) to remove a large impurity 

eluting at ~10 min was carried out. The product peak was collected between 2.8 and 3.5 

min. This was subjected to further RP-HPLC purification (isocratic mobile phase of 

80:10:10 A/B/D) and the fractions containing 62 collected between 7.2 -7.6 min.  

3.6.5. Radiolabelling with 67Ga 

[67Ga]GaCl3 in 0.1 M HCl was prepared from commercial [67Ga]citrate for injection 

(Lantheus) via standard conversion methods.8 To an acid washed microcentrifuge tube, 

the NOPO complex (60 or 62) (10 µL, 100 nmol, 10 mM H2O) and ammonium formate 

buffer (200 µL, 0.1 M, pH 3) were combined and the solution agitated. 67GaCl3 (18-21 

MBq in 0.1 M HCl) was added and the solution heated at 90-95 °C for 10-60 min using 

a solid state heating block. The sample was stirred via convection. Once reaction was 

complete, a sample (20 µL, ~3 MBq) was analysed by HPLC and the radiochemical 

yield recorded. 
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4.1. General Introduction 

The imaging agent precursors 3 and 4 were labelled with Gd to give potential MRI 

contrast agents Gd-3 and Gd-4 as described in Chapter 3 (Figure 59). As Gd-4 had more 

favourable biopharmaceutical, structural and stability properties than Gd-3 (similarly for 

the PET counterpart natGa/67Ga-4), Gd-4 was chosen as the lead imaging agent for MRI. 

In this chapter, the potential of Gd-4 as an MRI contrast agent is described. The 

assessment of Gd-4 includes the determination of the T1 relaxation times and r1 

relaxivity of Gd-4 in solution and in vitro, using a standard laboratory 9.4 T, 400 MHz 

NMR spectrometer and a 7.0 T preclinical MRI scanner. The in vivo testing of Gd-4 in 

mice bearing HCT 116 colorectal tumours is also described. 

 

Figure 59: MRI contrast agents Gd-3 and Gd-4. 

As discussed in Chapter 1, Gd based MRI contrast agents are positive contrast agents as 

they enhance the longitudinal relaxation rate (1/T1) of the water signal, giving superior 

contrast between tissues in T1-weighted images.1 Gd based contrast agents do shorten 

the T2 relaxation time, but not to the same extent as T1 and therefore will not be further 

discussed.  

The relaxivity parameter (ri where i = 1, 2) describes quantitatively the extent to which 

the contrast agent reduces the relaxation time (in this case, of water) as a function of 

contrast agent concentration.1 ri is defined as the difference in relaxation rate (1/Ti) with 

and without contrast agent (1/Ti(0)) divided by the contrast agent concentration ([CM]), 

this results in the relaxivity being independent of concentration in the first 

approximation of ri (Eq. 15). 

 
𝑟𝑖 = (

1

𝑇𝑖
−

1

𝑇𝑖(0)
) ∙

1

[𝐶𝑀]
          𝑖 = 1, 2 (15) 

   

Gd-3 Gd-4 
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The difference in relaxation rate ((1/Ti)-(1/Ti(0))) can be abbreviated to ∆1/Ti which can 

be regarded as the quantitative reduction in relaxation time observed. Typically to 

measure r1, ∆1/Ti is plotted against [CM] and a linear fit obtained (assuming non-

protein binding interactions), with the gradient of the linear line (∆1/Ti)/∆[CM] 

corresponding to the respective relaxivity.1 

4.2. Determination of relaxivity on a standard laboratory spectrometer 

A comparison of the r1 of novel Gd-4 to clinically used MRI samples provides a useful 

benchmark to predict the behaviour of Gd-4 as a contrast agent in vivo. To the best of 

our knowledge, there is no standardized method to determine the relaxivities of MRI 

compounds on a standard laboratory NMR spectrometer in the literature. Russ et al 

compiled data on the relaxivity of a set of clinically used and novel Gd based contrast 

agents developed within their group using a Varian Inova 400 MHz, 9.4 T laboratory 

NMR spectrometer but the experimental details were not provided.  

A Varian Inova 400 MHz, 9.4 T laboratory NMR scanner equipped with Varian VMR 

6.1c software package was available to this project. Samples of Omniscan™ 

(gadodiamide 0.5 M in H2O, Figure 60), a clinically used contrast agent, were used to 

develop a standard reference method to measure T1 relaxation times and the r1 over a 

linear dilution series (0-10 mM). This reference method was then applied to 

experimentally determine the r1 values of clinically used contrast agent Gadovist™ and 

Gd-4 (Figure 60). As r1 describes quantitatively the extent to which the contrast agent 

reduces the relaxation time, it provides a useful metric to compare contrast agent 

effectiveness. 

 

 

Figure 60: Clinically used MRI contrast agents and test compound Gd-4.  

OmniscanTM 

(Gadodiamide) 

GadovistTM 

(Gadobutarol) 

Gd-4 
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4.2.1. Method development 

To develop a robust method to measure T1 relaxation using a laboratory spectrometer, a 

deuterated lock solvent was introduced to the analyte samples to act as a reference to 

compensate for the natural field drift of the water peak and to hold the magnetic field 

stable. Three lock solvents were investigated: D2O, DMSO-d6 and toluene-d8. 

Magnetic susceptibility is the degree of magnetisation of a material in response to an 

applied magnetic field. Shigemi NMR tubes are renowned for their high precision 

quality and are normally first choice for small samples due to their high mass 

sensitivity. Shigemi tubes are magnetic susceptibility matched to the solvent they are 

identified with so the degree of magnetisation of the deuterated solvent is the same as 

the tube. Therefore susceptibility gradients normally occurring at the solvent-air 

interface are removed.2 The sample is confined within two small “plugs” and this offers 

up to three times the sensitivity both for 1H-detected and X-nucleus of the analyte as 

compared to standard 5 mm NMR tubes (Figure 61, left). 

 

      

Figure 61: Left: Schematic of a Shigemi NMR tube. Right: Schematic of a Wilmad coaxial 
insert containing DMSO-d6 as the internal lock solvent placed inside a 5 mm NMR tube. 

Omniscan (270 µL, 0.5 M) was supplemented with D2O (30 µL) and a 1H NMR spectra 

generated. The reference chemical shift of D2O overlapped with the relaxed H2O signal 

hence D2O was not suitable as a lock solvent. As only Shigemi tubes matched to D2O 

were available to this project this eliminated the use of the Shigemi tubes as an option to 

reduce susceptibility gradients to improve 1H sensitivity. 

Next the use of DMSO-d6 was investigated. To prevent contamination of the contrast 

agent with DMSO-d6, a Wilmad coaxial insert was used (Figure 50, right). Omniscan 

(300 µL) was placed into a 5 mm NMR tube and a Wilmad coaxial insert containing 

DMSO-d6 as an internal lock solvent.  

Magnetic susceptibility 

matched “plugs” 

Analyte 

 

5 mm NMR tube (analyte) 

Wilmad Co-axial insert 

(DMSO-d6 as internal lock 

solvent) 
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DMSO-d6 proved unsuitable as a lock solvent as a secondary water peak caused by 

DMSO-d6 water absorption was observed in the 1H NMR spectrum. This experimental 

assembly was also unsuitable as the high volume and concentration of Omniscan 

resulted in a signal overflow on the analogue to digital converter (ADC) causing several 

spectral distortions.   

Next, Omniscan was instead introduced into the Wilmad coaxial insert, to reduce the 

volume of analyte and therefore reduce the analyte signal to prevent signal overflow on 

the ADC.  Additionally, toluene-d8 was chosen to replace DMSO-d6 as the external lock 

solvent as it absorbs a minimum amount of water and its solvent peak chemical shifts 

(7.09, 7.01, 6.97 and 2.08 ppm) are distant from the H2O peak chemical shift, avoiding 

spectral overlap limitations. This analyte/lock solvent arrangement worked successfully 

and was used for all subsequent experiments. 

4.2.2. Results and discussion 

Omniscan was used to build a standard profile of T1 relaxation parameters using the 

inversion recovery sequences inbuilt in the Varian 6.1c software package. Omniscan 

samples were examined over concentrations of 0-10 mM (see Appendix B for tabulated 

results). T1 relaxation rate (s-1), chemical shift (ppm) and linewidth (Hz) were recorded 

at each concentration. 

4.2.2.1. Chemical shift and line broadening 

Paramagnetic lanthanide ions such as Gd3+ can induce a chemical shift (lanthanide 

induced shift) and cause severe line broadening. A comparison between the 1H NMR 

spectra of Omniscan at 50 mM and 500 mM is shown (Figure 62). Upon increasing the 

concentration one order of magnitude, the chemical shift of the relaxed water peak 

changes from 10.25 ppm to 59.24 ppm and the linewidth increases from ~500 to 7000 

Hz.  
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Figure 62: 1H NMR spectra with internal toluene-d8 Wilmad coaxial insert. Top – 1H NMR 
spectra of Omniscan (50 mM in H2O). The relaxed water peak is at 10.25 ppm. Bottom – 1H 
NMR spectra of Omniscan (500 mM in H2O), the relaxed water peak is at 59.24 ppm.  

The lanthanide induced shift (Δω) is a result of unpaired electrons in the f shell of the 

lanthanide.3 This induced chemical shift is a result of three mechanisms: the 

diamagnetic (Δωd), the hyperfine (Δωh) and the bulk magnetic susceptibility (BMS) 

mechanisms (Δωχ), eq. 16.4,5 

 𝛥𝜔 =  𝛥𝜔𝑑 + 𝛥𝜔ℎ +  𝛥𝜔𝜒 (16) 

   

The diamagnetic shift (Δωd) is related to the induced shifts in nuclei of a ligand during 

complex formation but as Gd3+ contains unpaired electrons, it is negligible when 

compared to the paramagnetic contributions (Δωh) and (Δωχ).
4  

The hyperfine (Δωh) can be described in terms of a contact/scalar component (Δωc) and 

pseudo-contact/dipolar component (Δωp), eq. 17.4 The contact component is the 

chemical interaction through-bond between the paramagnetic centre and the atom or 

molecule bearing the nuclear spin (1H in this case).4 It therefore has an entity 

characteristic of the Ln(III) ion (〈𝑆𝑍〉), and the ligand (F), eq. 17.6 Similarly, the pseudo-

contact term is the chemical interaction through-space between the paramagnetic centre 
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and the atom or molecule bearing the nuclear spin and therefore also has a Ln3+ 

dependent (CD) and ligand dependent (G) factor, eq. 17.4,6 However, as Gd3+ has an 

isotropic distribution of electrons, it cannot produce a pseudo-contact shift.  

 𝛥𝜔ℎ =  𝛥𝜔𝑐  +  𝛥𝜔𝑝 =  〈𝑆𝑍〉𝐹 +  𝐶𝐷𝐺 (17) 

   

The third mechanism, the BMS (Δωχ), arises from the partial alignment of the magnetic 

moments of the paramagnetic species in the magnetic field, which affects the BMS of 

the entire sample.4 In a single compartmental sample, the BMS contribution can be 

effectively cancelled by frequency-locking the spectrometer or by referencing the 

chemical shifts to an internal standard.5 This term is useful however as it can be used to 

determine the concentration of paramagnetic lanthanide ions in a sample because Δωχ is 

dependent of the concentration of the paramagnetic ion and independent of the 

compound.5 

4.2.2.2. r1 relaxivity 

Typically for clinical MRI acquisition Omniscan is injected at 0.2 mL/kg for an adult 

~70 kg up to maximum of 0.6 mL/kg for a patient 100 kg ≤.7,8 The maximum volume of 

Omniscan that is injected is 60 mL.7 Assuming the volume of blood is 5 L9 the 

maximum concentration of Omniscan in the blood will be 6 mM. A literature search 

revealed that in general, to calculate relaxivity, the examined range of concentrations 

lay between 0.25-10 mM.10,11  

T1 relaxation times were calculated on a Varian Inova 400 MHz, 9.4 T laboratory NMR 

scanner equipped with Varian VMR 6.1c software package. T1 values were determined 

at 400 MHz for a range of analyte concentrations (0-10 mM) at 298 K. Samples were 

prepared by dilution of the reagent from a bulk sample of MilliQ (ultrapure) water that 

had been left to stand in a solvent bottle, at room temperature for several days. The pH 

of samples was checked and if required, altered between 5.5-7.0. The neat analyte 

solutions (70 μL) were placed in a Wilmad coaxial insert and the insert placed in a 5 

mm NMR tube with toluene-d8 as an external lock solvent in the outer vessel. Care was 

taken to ensure constant depth of the Wilmad coaxial insert in the assembly and to 

ensure a constant magnetic susceptibility was achieved over the detectable sample 

volume. 
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Typically, an array of 15 inversion times (0.00001 to 15 ms) were sampled in inversion 

recovery experiments. T1 values were initially determined using the automatic T1 

routine implicit in the VMR 6.1c software package but where data sets showed 

incongruous phase properties across arrayed values, manual phase corrections were 

performed and the corrected values used in subsequent, refined T1 calculations. 

To calculate r1, the mean value between the error extremes (((1/(T1+error))+(1/(T1-

error)))/2) was plotted against Omniscan concentration (mM) and the relaxivity 

extrapolated from the linear fit. r1 of Omniscan = 3.69 mM-1s-1 (mmol(Gd)-1s-1) 

measured in MilliQ H2O at 298 K, 9.4 T between 0-10 mM with an R2 = 0.9995 (Graph 

4). This result is consistent with the reported r1 of Omniscan obtained by Russ at 9.4T 

(4.0 mM-1s-1) (concentration range examined: 0.25-0.5 mM). 

 

Graph 4: Relaxation rates (1/T1) for Omniscan measured in MilliQ H2O at 298 K, 9.4 T 
between 0-10 mM 

After each measurement the analyte was removed and the Wilmad co-axial insert 

washed in HNO3 (×3), followed by H2O (×10), acetone (×3) and dried with compressed 

air to ensure complete Gd removal before addition of the next test analyte. 

The methodology developed for Omniscan was applied to calculate r1 of a second 

clinical standard, Gadovist™ (gadobuturol, 1 M, Figure 60) and the novel contrast agent 

Gd-4 over a linear concentration range (0-10 mM). In addition to the T1 relaxation time, 
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the linewidth and chemical shift of the water peak were also recorded for each agent 

(Table 16).  

Table 16: Relaxation rates (1/T1), shift (ppm) and Linewidth (Hz) for Omniscan, Gadovist 
and Gd-4 corrected for errors. 

E 

n 

t 

r 

y 

Conc 

(mM) 

Shift (ppm) Linewidth (Hz) 1/T1 (s-1) 

Omni Gado Gd-4 Omni Gado Gd-4 Omni Gado Gd-4 

1 0 4.77 4.77 4.77 1.48 1.48 1.48 0.879331 0.879331 0.879331 

2 0.1 4.78 4.78 4.79 1.49 1.48 2.81 0.737365 0.790618 0.758112 

3 0.5 4.83 4.83 4.80 2.16 2.51 1.60 2.220886 2.398569 1.672079 

4 1 4.89 4.89 4.83 3.51 2.60 2.53 3.864771 4.183692 2.99296 

5 2.5 5.03 5.06 4.93 4.87 5.48 4.30 9.151538 10.44279 6.954114 

6 5 5.32 5.31 5.09 8.95 9.64 8.60 18.57701 20.04813 13.6669 

7 10 5.88 5.90 5.79 16.60 17.70 15.00 37.48141 40.91657 27.51047 

 

Similar results are obtained for the linewidth and the chemical shift of all three 

complexes: the linewidth broadens upon increasing concentration and the chemical shift 

moves upfield by approximately 1.2 ppm maximum as compared to water (Table 16). A 

similar trend for test compounds with Omniscan is expected as there is only one Gd3+ 

per molecule for each.  

The r1 relaxivity for Gadovist and Gd-4 was calculated as above: the mean value 

between the error extremes (((1/(T1+error))+(1/(T1-error)))/2) were plotted against the 

concentration (mM) and the relaxivity extrapolated from the linear fit (Graph 5). 
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Graph 5: Relaxation rates (1/T1) for Omniscan, Gadovist and Gd-4 measured in MilliQ H2O 
at 298 K, 9.4 T between 0-10 mM. 

The calculated r1 for the clinical samples Omniscan (3.69 mM-1s-1) and Gadovist (4.02 

mM-1s-1) measured in MilliQ H2O at 298 K, 9.4 T between 0-10 mM (Graph 5) are both 

higher than the r1 calculated for Gd-4 (2.69 mM-1s-1) (Graph 5). In vitro, the contrast 

agent concentration is fixed, however in vivo, the concentration is unknown, will change 

with time and may vary in diseased vs normal tissue.12 As these agents target CA IX, a 

higher concentration in hypoxic regions is expected to be observed, in turn increasing 

the contrast at the CA IX expressing hypoxic tumour site.  

The favourable biopharmaceutical properties of Gd-4 led us to choose this compound as 

our lead agent. The free flexible tail of Gd-4 is advantageous as it may prevent the 

contrast agent traversing the cell membrane and thereby reduces off target binding. As 

previously discussed (Chapter 1) Gd based contrast agents have a vacant coordination 

site and rapid water exchange occurs in this site. The paramagnetic field of Gd interacts 

with water resulting in faster T1 relaxation times, thus creating increased contrast 

(Figure 63, A). However, a concern with Gd-4 is that if the long tail wraps around the 

metal chelate such that the sulfonamide moiety has sufficient proximity to bind in the 

vacant ninth coordination site of Gd, competing with water (Figure 63, B), this may 

reduce the relaxivity of Gd-4 by blocking the site for water exchange. The calculated r1 

for Gd-4 was 2.69 mM-1s-1. A strong linear trend in relaxation rates was observed 
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(Pearson correlation coefficient R2 = 0.9994) for Gd-4, indicating that if the tail was 

binding to Gd in solution, the interaction would likely be weak and reversible. 

 

Figure 63: A) H2O exchange in the 9th coordination site of Gd. B) Sulfonamide nitrogen 
coordinated into 9th coordination site of Gd. 

4.3. Measuring the T1 relaxation time in the presence of hCA II 

There is evidence that general protein binding causes an increase in relaxivity 

(shortened T1 times) of small molecule MRI contrast agents.1 For example, Vasovist™ 

(Gadofosveset) (Figure 64) is known to bind to plasma proteins resulting in a change in 

the relaxation rate that is dependent on the fraction bound to protein. A clinical study of 

the relaxivity of Vasovist™ (Gadofosveset) in bovine plasma showed that at 

concentrations higher than 0.5 mmol/L, the linear relationship between relaxation rate 

and Gadofosveset concentration was disrupted as the relative fraction of Gadofosveset 

bound to plasma protein is lower at higher Gadofosveset concentrations. 

 

 

Figure 64: Clinically used Gd contrast agent Vasovist. 

Typically water will interact on the surface of a protein in solution and as proteins are 

large with slow molecular movements, water that binds to the protein experiences a 

decrease in tumbling rate and therefore a decrease in both the T1 and T2 relaxation 

VasovistTM (Gadofosveset) 
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times.13 The mechanism for this can largely be described mathematically by the SBM 

equations. Simply, this effect is a result of two contributions: inner-sphere effects 

(protons in direct contact with the metal ion) and outer-sphere effects (distant protons 

above the second coordination level and diffusing protons).1 The inner sphere effects 

usually dominate and contributions to the longitudinal relaxation depend on the 

hydration number (number of transiently bound water molecules), their relaxation time 

(T1m) and the average time (τm) of the coordination of the water molecules to the 

paramagnetic metal ion.1 The longer the average time of the water molecule in the 

vicinity of Gd, the more pronounced the reduction in relaxation time. The average 

contact time is affected by the rotation, vibration and diffusion of the molecule. For 

example, if we consider a protein with a molecular weight several magnitudes higher 

than the clinically used Gd-contrast agents, should the contrast agent bind to the protein, 

it will experience a strong increase in its effective rotational correlation time, and 

subsequently this results in a decrease in the rotation rate (i.e. it will rotate more 

slowly).  Therefore the average time τm the water molecules are coordinated to the Gd 

agent will increase, and so the reduction in relaxation time increases.1 Caravan et al 

discuss that if there is flexibility between the targeting group and the reporter group 

then the motion that the Gd-coordinated water proton “sees” will be affected by the 

slow global motion of the protein and the faster internal motion of Gd reporter group.14 

To simulate how these compounds may behave in vivo when bound to a target a study 

was undertaken measuring the relative T1 of Gd-4 and the imaging agent precursor 4 in 

the presence or absence of the human carbonic anhydrase enzyme, hCA II in PBS.  hCA 

II was selected as it has similar active site properties as hCA IX in the context of this 

experiment. PBS was selected as it gave no additional signal in the acquired 1H NMR 

spectra. hCA II was resuspended in PBS to reach a final concentration of 444 µM. Gd-4 

and 4 stock solutions were diluted to a concentration of 1000 µM in PBS. hCA II-test 

compound samples were prepared in PBS as indicated in Table 17. Briefly, hCA II (36 

µL or 72 µL from hCA II stock solution, 200 mM, 400 mM respectively) was combined 

with agent Gd-4 (8 µL, 1 mM) or precursor 4 (8 µL, 1 mM) and the sample 

concentration kept consistent by the addition of PBS (samples made up to 80 µL). The 

sample was agitated before a portion (67 µL) was placed inside a Wilmad co-axial 

insert with toluene-d8 in the 5 mm NMR tube outer vessel. The depth of the Wilmad 

insert was consistent for all samples. T1 relaxation rates on the Varian Inova scanner 

were determined via an array of 15 inversion times (0.00001 to 15 ms) that were 
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sampled in inversion recovery experiments. In addition a standard 1H NMR spectra was 

acquired. The T1 relaxation times (Table 17) are reported as the mean value between the 

error extremes (((1/(T1+error))+(1/(T1-error)))/2). Errors were calculated by the Varian 

6.1c software package. 

Five control samples were prepared (see Table 17): PBS only (entry 1), hCA II only at 

two concentrations, 200 µM and 400 µM (entries 2 and 3 respectively), contrast agent 

Gd-4 only (entry 8) and precursor 4 only (entry 9). Test samples were prepared with 

either contrast agent Gd-4 (100 µM) or precursor 4 (100 µM) with two concentrations 

of protein (200 µM and 400 µM, entries 4-7 respectively).  

T1 relaxation times for only one concentration of Gd-4 (100 µM) in the presence of hCA 

II was measured. Although this is insufficient to calculate r1 it does provide valuable 

insight into the relaxation properties. To demonstrate reproducibility, a replicate of 

entry 4 was prepared independently and the T1 relaxation time remeasured (Table 17, 

entry 10) and found to be comparable to the initial measurement (Table 17, entry 4). 

Table 17: T1 relaxation times for hCA II, Gd-4 and precursor 4 diluted in PBS calculated 
on a 400 MHz Varian Inova laboratory spectrometer 

Entry hCA II (µM) Gd-4 (µM) 4(µM) T1 (s) Error (calculated by 

Varian software) 

1 - - - 1.763 0.1266 

2 200 - - 1.961 0.1126 

3 400 - - 2.447 0.1308 

4 200 100 - 1.425 0.1028 

5 400 100 - 1.324 0.0574 

6 200 - 100 2.218 0.1409 

7 400 - 100 2.255 0.1341 

8 - 100 - 1.534 0.0604 

9 - - 100 2.759 0.2703 

10 200 100 - 1.470 0.06586 

 

The relaxation time for Gd-4 (100 µM) in the absence of hCA II (T1 = 1.534 ± 0.0604 s, 

entry 8) is comparable to the relaxation time when Gd-4 is in the presence of both 200 

µM hCA II (T1 = 1.425 ± 0.1028 s, entry 4) and 400 µM hCA II (T1 = 1.324 ± 0.0574 s, 

entry 5), hence the protein excess does not compromise the relaxation properties of this 

agent (Table 17). The relaxation times of contrast agent Gd-4 in the presence of hCA II 
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(entries 4 and 5) demonstrate a significant decrease when compared to the relaxation 

time of the protein only samples (entries 2/3). This observation is especially pronounced 

between the 400 µM hCA II only sample (T1 = 2.447 ± 0.1308 s, entry 3) in comparison 

to hCA II (400 µM) combined with contrast agent Gd-4 (T1 = 1.324 ± 0.0574 s, entry 

5). Without replicates we cannot determine if these differences in relaxation time are 

statistically significant but the observed decrease in relaxation time between entry 3 as 

compared to entry 5 is promising as it shows Gd-4 effectively relaxes water in the 

presence of the hCA II. 

It appears that the presence of excess protein (200 µM hCA II (T1 = 1.961 ± 0.1126 s, 

entry 2) and 400 µM (T1 = 2.447 ± 0.1308 s, entry 3)) increases T1 as compared to PBS 

(T1 = 1.763 ± 0.1266 s, entry 1). Similarly, the imaging agent precursor 4 in PBS 

increases the T1 relaxation time (2.759 ± 0.2703 s, entry 9) as compared to the PBS 

control. Contributions to the change in relaxation time may arise (for example) from the 

viscosity, hydrogen bonding, inner/outer sphere effects and salt concentration effects 

among others. Richardson similarly measured the relaxation time of two samples, PBS 

only (pH 7.0) and bovine serum albumin (4.5% w/v in PBS) at different field strengths 

at 0.47 T (20 MHz, Maran NMR spectrometer) and 9.4 T (9.4 T horizontal bore Varian 

MR scanner).15 The study found that the relaxation times were lengthy and led to poor 

model fits to signal intensity data and therefore these conditions were excluded from 

their analysis of relaxivity.15 Therefore, without additional replicates, we cannot 

comment on the observed increase of T1 relaxation time for these control samples.  

4.4. Determination of r1 on a 7.0 T MRI instrument 

A linear dilution series of Gd-4 (0-5 mM in MilliQ H2O, n = 3 replicates, Figure 65, 

Table 18) and the control compound 4 (n = 1) were analysed on a 7.0 T Bruker Biospec 

70/30 USR MRI at 298 K using a standard inversion recovery, spin echo and a gradient 

echo method to determine their specific T1, T2 and T2* values.  Relaxation times were 

determined over a range of 12 inversion times (50-2500 ms). As these are T1 contrast 

agents, only the T1 results will be discussed here (tabulated results for T2 and T2* for 

Gd-4 can be found in Appendix B with all relaxation parameters for precursor 4). 
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Figure 65: Left: Typical T1 weighted MRI image of different concentrations of Gd-4 
(inversion time 2000 ms) using a standard inversion recovery method. Right: Reference 
map for Gd-4 concentration. 

Table 18: Relaxation times for Gd-4 measured in MilliQ H2O, 7.0 T, 298 K over a linear 
dilution series (0-5 mM). 

Entry 

Conc (mM) 

Average 

relaxation time T1 

(s) (n = 3) 

Average 

relaxation rate 

1/T1 (s-1) (n = 3) 

Standard 

deviation of 1/T1 

1 0 2312.5 0.432432 0.011243 

2 0.05 1539.33 0.649632 0.006584 

3 0.1 1192.67 0.838457 0.051012 

4 0.2 773.67 1.292546 0.057998 

5 0.3 600.33 1.665741 0.092056 

6 0.4 429.00 2.331002 0.096614 

7 0.5 385.67 2.592913 0.116926 

8 0.6 326.33 3.064351 0.484292 

9 0.7 278.67 3.588517 0.240314 

10 0.8 248.33 4.026846 0.562836 

11 0.9 206.33 4.846527 0.331147 

12 1 201.00 4.975124 0.605462 

13 5 19.00 52.63158 15.71455 

 

A high standard deviation for the relaxation time measured at 5 mM (Table 18, entry 

13) as compared to the test concentrations ≤ 1 mM (entries 1-12) was obtained and this 

data point excluded from the determination of relaxivity, The relaxivity of Gd-4 and 4 

were calculated between 0-1 mM. As expected, no enhanced relaxivity was observed for 

imaging agent precursor 4 (Graph 6) but for Gd-4, r1 = 4.66 mM-1s-1 (n = 3, Graph 6) 

measured in MilliQ H2O at 298 K, 7.0 T, 0-1 mM. 
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Graph 6: Concentration (mM) vs (1/T1) for Gd-4 (n = 3) and 4 (n=1) between 0-1 mM.  

Relaxation is field dependent, as the magnetic field strength increases, generally the 

relaxivity decreases as the agent’s capacity to shorten T1 is reduced.14,16,17 The r1 of Gd-

4 was 2.69 mM-1s-1 (9.4 T measurement) and 4.66 mM-1s-1 (7.0 T measurement), this 

increase is consistent with that expected due to the change in magnetic field strength. 

Given the presence of the CA II protein is not detrimental to the T1 of Gd-4, the notable 

increase in r1 observed going from 9.4 T → 7.0 T for biologically relevant 

concentrations of Gd-4, and the favourable biopharmaceutical properties for Gd-4 

(Chapter 3) this indicates that this compound should be well tolerated in vivo and may 

provide superior image contrast for CA IX expressing hypoxic tumours. 

4.5. In vivo small animal MRI imaging of Gd-4  

In vivo MRI imaging of Gd-4 was performed using adult NMRI-nu mice. HCT116 cells 

stably expressing a CA IX-targeting shRNA (shCA IX) construct established as 

described by Dubois et al18 were resuspended in BD Matrigel™ Basement Membrane 

Matrix (BD Biosciences) and injected (106) subcutaneously into the lateral flank of the 

mice and tumours allowed to reach a volume between 180-300 mm3. For imaging 

animals (n = 2)§ were anaesthetised with isoflurane (induction 4%, maintenance 1-2%) 

and mice placed on a warm-water blanket. Body temperature was monitored using a 

rectal temperature probe. Animals (n = 2) were either iv injected via the lateral tail vein 

                                                 
§ Five animals were imaged in total but three prematurely died caused by an isoflurane anaesthesia fault. 

These animals have not been considered in this data. 
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via an iv line flushed with 10% heparin saline solution or via intraperitoneal injection 

with Gd-4 (1 mmol/kg) in 200 µL saline (NaCl 0.9% w/v) solution. T1-weighted scout 

scans of mice were taken pre-injection to determine the field of view of the diagnostic 

sequence (Figure 66A). After scout scans, mice were administered Gd-4 and 

immediately after injection, transverse MRI images of the tumour area obtained, 

initially every ~2 min for the first 2 scans then every ~10 min p.i. up to 2.5 h. 

Representative images are shown in Figure 66. After an initial rapid uptake in the 

tumour (Figure 66B and C), the agent Gd-4 is observed to clear rapidly (Figure 66D-H), 

progressively to the bladder (Figure 66 I). 

 

Figure 66: Representative MRI images from a mouse with iv injection of Gd-4 via lateral 
tail vein (n = 1). A. Transverse pre-T1 map of mouse prior to injection of contrast agent 
Gd-4. B, D-I. Transverse T1 map after contrast agent Gd-4 injection. C. Sequential sagittal 
scan of tumour after Gd-4 injection (~2 min).  

For PET, low (nM) concentrations of compound are required for contrast as compared 

to MRI (µM-mM range), as only a small percentage of protons are able to absorb the 

radiofrequency energy to generate a data signal,21 hence any reduction of target binding 
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is exacerbated in MRI. A potential reason for the low observed contrast of Gd-4 include 

the fast renal excretion that limits the contact time of Gd-4 with the CA IX expressing 

tumour. Additionally, CA IX expression may not be high enough at the tumour site and 

therefore small molecule imaging agents like Gd-4 may be less compatible for MRI 

imaging. It is postulated that the concentration of CA IX produced at the tumour site 

may be adequate for the superior sensitivity of PET imaging but not sufficient for MRI 

contrast where µM-mM concentrations of resident contrast agent is required. However, 

these results are based on a small sample set (n = 2) and to confirm this result, several 

other imaging experiments need to be undertaken. 

4.6. Conclusion 

A robust method for determining T1 relaxation times for novel contrast agents using a 

standard laboratory spectrometer has been established, as this has not been documented 

in such detail before it may prove useful method for others to characterize MRI contrast 

agents. The imaging agent precursor 4 was labelled with gadolinium to give Gd-4. The 

relaxation properties of Gd-4 were determined at biologically relevant concentrations in 

solution and in vitro. Despite a marginally lowered r1 for Gd-4 compared to the 

clinically used nonspecific contrast agents Omniscan and Gadovist, it was postulated 

that in vivo, superior tumour contrast may be observed due to concentration at the 

tumour site owing to CA IX selective binding. Gd-4 was tested in vivo in mice bearing 

HCT116 colorectal tumours with high CA IX expression but after an initial rapid uptake 

in the tumour the agent Gd-4 cleared from the tumour site.  

4.7. General Experimental 

T1 relaxation times for contrast agent Gd-4 and clinically used contrast agents Omniscan 

and Gadovist were calculated on a Varian Inova 400 MHz, 9.4 T laboratory NMR 

scanner equipped with Varian VMR 6.1c software package. T1 relaxation rates on the 

Varian Inova scanner were determined via an array of 15 inversion times (0.00001 to 15 

ms) that were sampled in inversion recovery experiments. T1 values were determined 

using the automatic T1 routine implicit in the VMR 6.1c software package unless 

incongruous phase properties were shown where manual phase corrections were 

performed and the corrected values used in subsequent, refined T1 calculations. T1 

relaxation times for contrast agent Gd-4 in the presence of hCA II were determined via 
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an array of 15 inversion times (0.001 to 15 ms) that were sampled in inversion recovery 

experiments. T1 values were determined using the automatic T1 routine implicit in the 

VMR 6.1c software package. hCA II (3.5 mg/mL, HEPES (30mM), NaCl (20 mM), 

ZnSO4 (0.1 mM), DTT (1 mM), pH 8.0) was prepared by Dr Tom Peat (CSIRO) and 

exchanged into PBS. To determine the relaxivity on a 7.0 T MRI scanner, a linear 

dilution series (concentrations ranging from 0.05-5 mM) of Gd-4 (n = 3) and the control 

compound 4 (n = 1) in H2O were imaged at 298 K with a 7.0 T Bruker Biospec scanner 

(Bruker Biospin GmbH, Ettlingen, Germany) interfaced to an AVANCE II console. The 

BGA 12-S mini-imaging gradient system (maximum gradient strength 720 mTm-1, slew 

rate 6000 Tm-1s-1) was used and images were acquired with a 7.2 cm inner diameter 

quadrature volume resonator. T1 relaxation times were determined over a range of 12 

inversion times (50-2500 ms) by the use of inversion recovery sequences.  Additional 

parameters were as follows: repetition time (TR), 10000 ms; echo time (TE), 10 ms (1.5 

T) or 8.4 ms (7.0 T); slice thickness, 3 mm; number of signal averages (NSA), 1; and in-

plane resolution, 0.4 × 0.4 mm. HCT116 human colorectal carcinoma cells (ATCC® 

CCL-247™) stably expressing a CA IX-targeting shRNA (shCA IX) construct 

established as described previously18, were routinely cultured in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) at 37 °C. 

In vivo MRI was performed at 7.0 T by the use of a 35 mm diameter quadrature 

transmit-receive radiofrequency coil (Bruker Biospin GmbH, Ettlingen, Germany). 

After scout scans, transverse MR images were obtained approximately 2-10 min after 

agent administration by the use of a rapid acquisition with relaxation enhancement 

inversion recovery pulse sequence. Parameters were as follows: TR/TE/TI, 

4000/10/1500 ms; 20 to 25 slices; slice thickness, 1 mm; interslice distance, 1 mm; field 

of view, 35 × 35 mm; matrix size, 256 × 256. Images were analysed by freely available 

Image J® software.19,20 With the exception of including a scale bar, no post-image 

processing was carried out as no tumour uptake was observed. VOIs were not 

calculated. 
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5.1. Introduction 

Generation I imaging agent precursors 3 and 4 were labelled with natGa and 

radiolabelled with 67Ga as described in Chapter 3 (Figure 67). natGa/67Ga-4 exhibited 

more favourable biopharmaceutical, structural and stability properties than natGa/67Ga-3, 

hence imaging agent precursor 4 was selected to progress to preclinical PET. In this 

chapter, the radiolabelling of 4 with 68Ga to generate the PET imaging agent [68Ga]-4 is 

described. Preclinical evaluation of this agent was conducted in mice bearing HCT116 

colorectal tumour xenografts to assess the feasibility of imaging of CA IX expressing 

tumours with small molecule PET agents. 

 

Figure 67: Generation I imaging agent precursors labelled with natGa and radiolabelled 

with 67Ga 

5.2. 68Ga Radiolabelling of imaging agent precursor 4 

Imaging agent precursor 4 was purified by RP-HPLC (as described in Chapter 3) prior 

to radiolabelling with 68Ga. 68Ga was produced in an iThemba 1480 MBq 68Ge/68Ga 

generator and eluted in 0.6 M HCl. Precursor 4 (40 nmol, 1 mM in H2O) was combined 

with 68Ga (~800 MBq, ~1.2 mL, 0.6 M HCl) in either sodium or ammonium acetate 

buffer (3.0 M, 400 µL, pH 4.3-4.5) and heated at 99 °C for 10 min. Reaction mixtures 

were analysed by RP-HPLC (Inertsil ODS C18, 5 µM, 4.6 × 250 mm column using a 

gradient method (100% H2O → 100% MeCN over 17 min, 1 mL/min (then returned to 

natGa-3 natGa-4 

67Ga-3 67Ga-4 
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100% H2O over 3 min)). A high radiochemical yield of [68Ga]-4 (> 95%) was obtained 

as determined by radio-HPLC for each radiolabelling trial (n = 9) (Figure 68). The RP-

HPLC UV trace (Figure 68A) shows two peaks at 13.15 (4) and 13.50 min ([68Ga]-4). 

The specific activity is equivalent to ~20 MBq/nmole at the time of radiolabelling. Low 

specific activity can be problematic as the cold atoms (for example other metals)/ 

unlabeled atoms (4 in this case) compete with the radioactive ones for the binding sites 

lowering the radiolabelling yield.2 This can be detrimental to the observed tissue uptake 

of the agent in vivo. However, high specific activity may cause radiolysis of the 

compound and can also denature proteins.2 The radiochemical yield for this example is 

> 98% (radiochemical yields were > 95% for all samples) (Figure 68B). Upon 

magnification of the radio-trace chromatogram (Figure 68C), free 68Ga is observed to 

elute at 3.07 min. The additional peak at 2.85 min is likely a radioactive contaminant. 

Despite the low specific activity, the high radiochemical yield was promising and 

therefore no further optimization of the radiolabeling was completed. 

 

Figure 68: Analytical RP-HPLC chromatogram for [68Ga]-4 (800 MBq). A. UV absorbance 

at 254 nm, 4 elutes at 13.15 min and [68Ga]-4 elutes at 13.50 min B. Radio-trace 

chromatogram of [68Ga]-4 (counts per second) C. Magnified radio-trace showing free 68Ga 

elution in the void (retention time ~3 min) and [68Ga]-4 elution at retention time ~13 min. 

Radiochemical yield for this sample was >98%.  
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5.3. Small animal imaging µPET and PET/CT studies  

A preclinical PET study with [68Ga]-4 was conducted in mice bearing HCT116 tumours, 

with high (shNT) or no/low (shCAIX) CA IX expression, to assess selectivity of uptake 

using PET. Once tumours reached a volume between 180-300 mm3, animals (shNT n = 

11, shCA n = 6 mice) were injected intravenously via the lateral tail vein with ~3.7 

MBq (bulk diluted in saline 0.9% NaCl solution) of [68Ga]-4 via an iv line flushed with 

10% heparin saline solution. The specific activity of [68Ga]-4 at the time of 

radiolabelling was ~20 MBq/nmole and all animals were injected within 2.5 h of 

radiolabelling.  

In order to determine the optimal imaging time point, µPET scans were acquired hourly 

from 1 h to 4 h post injection (h p.i.) of [68Ga]-4. Despite low specific activity, tumour 

uptake in the CA IX-expressing model was clearly observed and was highest at 1 h p.i. 

(Figure 69A). This time point was selected for all subsequent experiments. 

Additionally, it was found that the agent was rapidly excreted renally, as observed by 

high presence of the agent in the kidneys and bladder. Early time point imaging and fast 

renal clearance make [68Ga]-4 suited as a µPET tracer for eventual clinical use, since 

these properties may limit radioactivity exposure in patients receiving a PET/CT scan 

with this compound whist allowing sufficient time for tumour imaging.   

To assess compound selectivity, uptake was compared between CA IX-expressing 

(shNT) and CA IX-knockdown (shCAIX) tumour-bearing animals. The TBR was 

significantly higher (P < 0.01) in mice bearing CA IX-expressing tumours (3.87 ± 1.34) 

compared to mice bearing CA IX-knockdown (1.99 ± 0.99) tumours (Figure 69B & 

3C). Uptake of [68Ga]-4 was therefore assumed to be CA IX-dependent. However, lack 

of anatomical information in the acquired µPET images potentially weakened this 

conclusion. Therefore experiments were repeated to include CT scans (shNT n = 4, 

shCA n = 5 mice). CT scans enable better tumour delineation in fused PET/CT images 

and thereby absolute confirmation of the agent location. Similar to the first experiment, 

TBR was significantly higher (P < 0.01) in mice bearing CA IX-expressing (2.36 ± 

0.424) tumours compared to mice bearing CA IX-knockdown (1.30 ± 0.35) tumours 

(Figure 70A & B). Autoradiography analysis on tumour sections showed a higher signal 

intensity relative to injected dose (ID) in CA IX-expressing (9.1210-7 ± 7.2510-7, n = 

6) compared to CA IX-knockdown (3.8410-7 ± 1.5310-7, n = 6) tumours, consistent 

with the µPET results (Figure 70C).  
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Figure 69: [68Ga]-4 uptake in mice bearing CA IX-expressing (shNT) or CA IX-knockdown 
(shCA IX) tumours. A) Representative µPET scans 1-4 h p.i. in a shNT-tumour bearing 
mouse. B) Representative µPET scans 1 h p.i. C) TBRs of [68Ga]-4 uptake determined 
from µPET scans of shNT-tumour bearing mice (n = 11) and shCA IX-tumour bearing 
mice (n = 6). **P < 0.01. 

 

Figure 70: [68Ga]-4 uptake in mice bearing CA IX-expressing (shNT) or CA IX-knockdown 
(shCA IX) tumours. A) Representative µPET/CT fusion images 1 h p.i. B) TBRs of [68Ga]-4 
uptake determined from PET scans of shNT-tumour bearing mice (n = 4) and shCA IX-
tumour bearing mice (n = 5).  ** P < 0.01. C) Signal intensity relative to injected dose (ID) 
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as determined by autoradiography analysis on tumour sections from shNT-tumour 
bearing mice (n = 6) and shCA IX-tumour bearing mice (n = 6). 

The efficiency of CA IX genetic silencing was determined by Western blot analysis and 

immunofluorescence of tumours excised from imaged animals. In agreement with 

previous studies,1 CA IX levels were significantly lower in CA IX-knockdown 

compared to CA IX-expressing tumours (Figure 71A & Figure 71B). Additionally, as 

determined by immunofluorescence staining, membranous CA IX expression co-

localized with the exogenous hypoxia marker pimonidazole in CA IX-expressing 

tumours, whereas in CA IX-knockdown tumours no CA IX expression was present 

(Figure 71C). This confirmed efficient CA IX knockdown. Although CA IX-

knockdown tumours tend to grow slower compared to their CA IX-expressing 

counterparts,1 the tumour volumes at time of scans were not statistically different (P = 

0.422) between the two groups ((315 ± 104 and 277 ± 63 mm3
 for CA IX-expressing 

and CA IX-knockdown tumours, respectively). The low uptake of [68Ga]-4 observed in 

the CA IX-knockdown model may be explained by residual CA IX expression in these 

tumours. Nevertheless, significantly higher uptake of [68Ga]-4 in tumours with high CA 

IX expression confirms selectivity of this imaging compound for CA IX expressing 

tumours  

Urine was collected from the excised bladders of 5 mice (approximately 330 µL) and 

allowed to decay fully until no radioactivity was detected (~5 days). The urine sample 

was diluted in H2O (2 mL) and loaded onto a sep-pak light C18 rapid reverse phase 

cartridge and washed with 7 mL H2O to remove metabolites unrelated to 4. The Sep-

Pak was rinsed with 1:1 EtOH:H2O (1 mL) to elute the [68Ga]-4, this fraction was 

collected and the solvent removed in vacuo. MALDI MS analysis of this fraction 

showed the imaging agent precursor 4 and 68Zn-4 (the decay product of [68Ga]-4) intact 

in the urine. The presence of the imaging agent precursor 4 is a result of the low specific 

activity; meaning that unlabeled precursor was injected simultaneously with [68Ga]-4.   

. 
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Figure 71: CA IX expression in mice bearing CA IX-expressing (shNT) or CA IX-

knockdown (shCA IX) tumours. A) Western blot showing CA IX protein levels in tumour 

tissue. B) Quantification of CA IX protein levels as determined by Western blot for all 

shNT and shCA IX tumours. C) Immunofluorescence stainings of CA IX (red) and the 

hypoxia marker pimonidazole (green). Right-side images are magnifications of areas 

within the white rectangles in the left-side images. “n” indicates necrotic areas. 
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5.4. Conclusion 

This study provides the first evidence of non-invasive, specific detection of CA IX in 

vivo, using a CA IX targeting small molecule µPET radiotracer. The synthesis of the 

unlabeled precursor of [68Ga]-4 (compound 4) and the radiochemistry to introduce 68Ga 

was straightforward, proceeded in good radiochemical yields and was reproducible. 

This study is a promising step towards a new predictive tool that will enable testing of 

the potential of noninvasive imaging of CA IX expression as a biomarker for hypoxia or 

for selection of patients eligible for CA IX-targeting anticancer therapies. 

5.5. General Methods 

5.5.1.  PET imaging 

Animal experiments were performed using adult NMRI-nu mice. Animal facilities and 

experiments were in accordance with local institutional guidelines for animal welfare 

and were approved by the Maastricht University Animal Ethical Committee (number 

2014-020). HCT116 cells stably expressing either a CA IX-targeting shRNA (shCA IX) 

or non-targeting shRNA (shNT) construct established as described previously48 were 

resuspended in BD Matrigel™ Basement Membrane Matrix (BD Biosciences) and 

injected subcutaneously into the lateral flank of the animal.  Tumours reached a volume 

between 180-300 mm3 prior to imaging. For PET and CT scans, animals receiving only 

a PET scan were anesthetized with isoflurane (induction 4%, maintenance 1-2%); 

animals receiving both PET and CT scans were anesthetized with an intraperitoneal 

injection of a 100 mg/kg ketamine / 10 mg/kg xylazine mixture. PET image acquisition 

was performed using a Focus 120 µPET (Siemens Medical Solutions USA, Inc.). 

Animals (shNT n = 11, shCA n = 6) receiving only a µPET scan underwent a 9 min 

emission scan 1, 2, 3 and 4 h post injection (p.i.), animals (shNT n = 4, shCA n = 5) 

receiving both PET and CT scans a 15 min emission scan 1 h p.i. The OSEM-3D 

reconstructed PET images were viewed and analyzed using the PMOD software 

(PMOD Technologies Ltd)). Activity data (Bq/mL) was obtained by manually 

delineating Volumes Of Interest (VOIs) in the PET images for mice that received only a 

PET scan, or in the fused PET/CT images for mice that received both PET and CT 

scans, using the PMOD software. The tumour itself was delineated as tumour VOI (T), 
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whereas the heart was delineated as blood VOI (B).  Standardized Uptake Values 

(SUVs) were calculated by correcting activity data for 68Ga injected dose, decay 

toward injection time, and weight of the animal. Data was quantified by calculating the 

T/B activity ratios (TBRs). CT image acquisition was performed using the SSmART 

system (X-RAD 225CX; Precision X-Ray, North Branford, USA). Tumour volume at 

time of scanning was determined by delineating the tumour on the CT image using the 

PMOD software.  

5.5.2.  MALDI analysis of urine 

MALDI analysis of urine was analysed on an Applied Biosystems 4700 Proteomics 

Analyzer 35 MALDI TOF MS. LRMS (MALDI+): m/z 848 [Zn-4+ H ]+ and 786 [4, 

M+H]+.  

5.5.3.  Western Blot 

Samples from tumours from excised mice imaged previously were minced and proteins 

were isolated using RIPA buffer completed with a protease inhibitor cocktail (complete 

EDTA-free; Roche). Bradford assay (BioRad) was performed for protein quantification. 

Proteins were separated on a 10% SDS-PAGE gel and blotted onto a nitrocellulose 

membrane (GE Healthcare) by electrotransfer. Membranes were blocked in 5% non-fat 

dry milk and probed overnight with mouse anti-CA IX monoclonal antibody (M75, 

kindly provided by S. Pastorekova, Institute of Virology, Slovak Academy of Science, 

Bratislava, Slovak Republic) and mouse anti-β-actin monoclonal antibody (Cell 

Signaling). Subsequently membranes were probed with HRP-linked horse anti-mouse 

IgG antibodies (Cell Signaling), which were detected with Western blot detection 

reagents (Thermo Fisher Scientific). 

5.5.4.  Immunofluorescence 

1 h before sacrifice, mice were injected iv with the hypoxia marker pimonidazole. After 

sacrifice, tumours were collected and sections were made. Sections were fixed with 

acetone and non-specific binding was blocked using 1% normal goat serum at RT for 30 

min. Sections were incubated overnight at 4 °C with rabbit anti-CA IX polyclonal 
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antibody (Novus Biologicals) and FITC-conjugated mouse anti-pimonidazole 

monoclonal antibody (Hypoxyprobe, Bioconnect). Subsequently sections were 

incubated at RT for 1 h with Alexa Fluor® 594 conjugated goat anti-rabbit secondary 

antibody (Invitrogen). Mounting was done using Fluorescence mounting medium 

(Dako). 

5.5.5.  Autoradiography 

Tumour sections (30 µm) were made using a cyrotome (Leica) and placed on high 

resolution phosphorimaging plates (Storage Phosphor Screen BAS-IP SR 2040 E Super 

Resolution, GE Healthcare) overnight. Plates were read using a Typhoon FLA 7000 

laser scanner (GE Healthcare). Signal intensities were determined using the ImageQuant 

TL software (GE Healthcare), and normalized per animal to the respective ID. 

5.5.6.  Statistics 

All statistical analyses were performed using the GraphPad Prism® version 5.03 

software (GraphPad Software). Unpaired Student’s t-test was used to determine the 

statistical significance of differences between two independent groups of variables.  

References 

(1)  Dubois, L.; Peeters, S.; Lieuwes, N. G.; Geusens, N.; Thiry, A.; Wigfield, S.; 

Carta, F.; McIntyre, A.; Scozzafava, A.; Dogné, J.-M.; Supuran, C. T.; Harris, A. 

L.; Masereel, B.; Lambin, P. Specific Inhibition of Carbonic Anhydrase IX 

Activity Enhances the in vivo Therapeutic Effect of Tumor Irradiation. Radiother. 

Oncol. 2011, 99 (3), 424–431. 

(2)  Saha, G. B. Fundamentals of Nuclear Pharmacy; SpringerLink : B{ü}cher; 

Springer New York, 2010. 

  



 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6 
 
Conclusions and Final Directions 

 



 

 

 

 

 



                                                                                                                                                         Chapter 6 
 

257 

 

6.1. Summary and conclusions 

Three generations of imaging agents targeting CA IX were designed and synthesised for 

MRI/PET applications. Generation I single modal imaging agents incorporated a 1,4-

disubstituted 1,2,3-triazole and a DOTA reporter group. Product purification was 

challenging owing to residual copper contamination introduced via CuAAC, this hurdle 

was overcome by introducing a combination of (i) additional purification via 

transchelation of the copper to EDTA, and (ii) introduction of the accelerating ligand 

TBTA. Two Generation I imaging agent precursors were labelled with Gd and natGa 

followed by radiolabelling with 67Ga. Of these one was selected for in vivo studies 

based on more favourable radiolabelling and biopharmaceutical properties (4).  

The relaxation properties of Gd-4 were examined using a standard 9.4 T laboratory 

spectrometer and compared to the relaxation properties of the clinically used MRI 

contrast agents Omniscan and Gadovist. Despite displaying a lessened relaxivity, it was 

proposed that Gd-4 may perform better in vivo as it specifically targets CA IX giving 

and increased concentration at the target site and therefore improved contrast. T1 

relaxation times for Gd-4 were measured in the presence of hCA II and it was found the 

excess of protein was not detrimental to the relaxivity. The r1 of Gd-4 was also 

measured in a 7 T MRI scanner and showed an improved relaxivity over the measured 

value at 9.4 T, consistent with the relationship of relaxivity and magnetic field strength.   

The radiolabelling conditions that were developed for radiolabelling 4 with 67Ga were 

transferred to radiolabel 4 with the PET radionuclide 68Ga. The radiolabelling efficiency 

was consistently > 95%.  

Imaging agents Gd-4 and [68Ga]-4 were examined in vivo, by MRI and PET, 

respectively, in HCT116 tumour bearing mice either stably expressing shNT (non-

targeting shRNA, CA IX expressing tumour) or shCA IX (CA IX-targeting shRNA, 

knockdown). Gd-4 showed rapid uptake in the tumour but was exprelled quickly as 

determined by MRI images, however, acquired PET images showed increased 

accumulation of 68Ga-4 in CA IX-expressing tumours compared to CA IX-knockdown 

tumours, with tumour-to-blood accumulation ratios (TBR) 3.87 ± 1.34 and 1.99 ± 0.99 

respectively, P < 0.01. [68Ga]-4 did not accumulate in off-target tissues (except 

kidney/bladder), was metabolically stable in vivo and cleared intact to the urine <3 h p.i 

These results were reproduced in a second study using PET/CT (TBR 2.36 ± 0.424 and 
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1.30 ± 0.350 (P < 0.01) for CA IX-expressing tumours compared to knockdown 

tumours respectively).This is one of the first imaging agents to discriminate CA IX 

expressing tumours vs knockdown tumours in vivo in a mouse xenograft model using 

PET. 

Generation II single modal imaging agents were designed exclusively for 68Ga PET 

imaging, and differed to Generation I agents by the introduction of a NOPO reporter 

group in place of the DOTA reporter group. NOPO is a newly reported macrocycle that 

has unparalleled selectivity for Ga. Formation of an unwanted byproduct, phosphinic 

acid esters, hindered the amide coupling of the NOPO reporter group to the CA IX 

targeting group, even with high catalyst loadings the desired product could not be 

observed. To overcome this, the NOPO reporter group was masked with zinc prior to 

the amide coupling, the catalyst loading was reduced and phosphinic acid ester 

formation not observed. The target Generation II imaging agent precursors masked with 

Zn were successfully synthesized and preliminary radiolabelling was carried out. 

Generation III bimodal imaging agents were designed for MRI/PET dual modality 

imaging. The agents were based on both a symmetrical and an unsymmetrical scaffold, 

the unsymmetrical scaffold proved the most favourable from a synthetic standpoint. The 

unsymmetrical scaffold was designed to allow the synthesis of either a bis-DOTA or a 

mixed DOTA/NOPO complex. The unsymmetrical scaffold was conjugated to either 

one or two DOTA reporter groups but purification at this stage of the compounds 

proved challenging. This work has taken the initial steps to the formation of the first 

bimodal MRI/PET imaging agent to target CA IX. 

6.2. Future work 

Due to iterative purification techniques to optimise purification the Generation II 

complexes with zinc were recovered in low yield. As the purification conditions have 

now been optimised, repeating the synthesis should result in sufficient Zn masked 

imaging agents precursors for radiolabelling with both 67Ga and 68Ga.  As these 

compounds exhibit the same base structure as the Generation I compounds, with NOPO 

replacing DOTA, it will valuable to follow up with an in vivo study using PET. The 

Generation II agents may further improve the imaging agent characteristics while 

offering substantial novelty by employing the underexplored NOPO macrocycle. It will 
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be of interest to compare inherent traits such as tumour accumulation and ease of 

radiolabelling.  

Gd-4 did not show significant tumour uptake in vivo and we postulate this is because for 

contrast in MRI, mM-µM concentrations of agent are required. The unsymmetrical 

bimodal bis-DOTA scaffold provides the opportunity for labelling with two Gd ions. As 

each molecule would have two Gd ions, the concentration of Gd will be increased at the 

target site of CA IX and superior contrast achieved. The relaxation parameters of this 

new compound could be measured using the reproducible method for measuring T1 

relaxivity developed in this project and compared to Gd-4 and the clinical standards 

Omniscan and Gadovist. 

Preliminary steps towards the synthesis of bimodal MRI/PET imaging agents have been 

completed. The purification of these complexes has been a significant challenge but 

with the introduction of new HPLC based purification techniques to our group, 

preparatory HPLC purification can now be successfully carried out on these complexes. 

When isolated, these compounds will comprise the first CA IX targeting bimodal 

imaging agents for imaging tumour hypoxia.  

 

 



 

 

 

 

  



 

 

 

  



 

 

 

 



Appendix A1 

 

 

 

 

 

 

 

 

 

APPENDIX A  
 
Selected NMR data of interest  



Appendix A2 

 

 

  



Appendix A3 

 

Contents Page 

  

1H NMR and 13C NMR data for Compound 7 A5 

1H NMR and 13C NMR data for Compound 10 A6 

1H NMR and 13C NMR data for Compound 11 A7 

1H NMR and 13C NMR data for Compound 12 A8 

1H NMR and 13C NMR data for Compound 17 A9 

1H NMR and 13C NMR data for Compound 18 A10 

1H NMR and 13C NMR data for Compound 19 A11 

1H NMR and 13C NMR data for Compound 21 A12 

1H NMR and 13C NMR data for Compound 22 A13 

1H NMR and 13C NMR data for Compound 3 A14 

1H NMR and 13C NMR data for Compound 4 A15 

1H NMR and 13C NMR data for Compound 26 A16 

1H NMR and 13C NMR data for Compound 27 A17 

1H NMR and 13C NMR data for Compound 28 A18 

1H NMR and 13C NMR data for Compound 29 A19 

1H NMR and 13C NMR data for Compound 33 A20 

1H NMR and 13C NMR data for Compound 34 A21 

1H NMR and 13C NMR data for Compound 37 A22 

1H NMR and 13C NMR data for Compound 38 A23 

1H NMR and 13C NMR data for Compound 42 A24 

1H NMR and 13C NMR data for Compound 48 A25 

31P NMR data for Compound 48 A26 

1H NMR and 13C NMR data for Compound 55 A27 

HMBC Compound 55 A28 

HSQC Compound 55 A29 

1H NMR and 31P{1H} NMR data for Compound 56 A30 

13C NMR data for Compound 56 A31 

1H NMR and 31P{1H} NMR data for Compound 57 A32 

1H NMR and 13C NMR data for Compound 60 A33 

31P{1H} NMR and 31P NMR for Compound 60 A34 

HSQC Compound 60 A35 

 

 



Appendix A4 

 

1H NMR and 13C NMR data for Compound 61 A36 

31P{1H} NMR for Compound 61 A37 

HSQC Compound 61 A38 

HMBC Compound 61 A39 

1H NMR data for Compound 62 A40 

1H NMR and 13C NMR data for Compound 69 A41 

1H NMR and 13C NMR data for Compound 74 A42 

1H NMR and 13C NMR data for Compound 75 A43 

1H NMR and 13C NMR data for Compound 76 A44 

1H NMR and 13C NMR data for Compound 77 A45 

1H NMR and 13C NMR data for Compound 78 A46 

1H NMR and 13C NMR data for Compound 79 A47 

1H NMR and 13C NMR data for Compound 80 A48 

1H NMR and 13C NMR data for Compound 87 A49 

  
 

  

  



Appendix A5 

 

 

 

 

 

Compound 7 500 MHz 1H NMR DMSO-d6 

 

Compound 7 125MHz 13C NMR DMSO-d6
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Compound 10 500 MHz 1H NMR DMSO-d6 

 

Compound 10 125MHz 13C NMR DMSO-d6
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Compound 11 500 MHz 1H NMR CDCl3 

 

Compound 11 125 MHz 13C NMR CDCl3 
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Compound 12 500 MHz 1H NMR (CD3)2SO 

 

 

Compound 12 125MHz 13C NMR (CD3)2SO 
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Compound 17 500 MHz 1H NMR DMSO-d6 

 

Compound 17 125MHz 13C NMR DMSO-d6  
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Compound 18 500 MHz 1H NMR (CD3)2SO 

 

 

 

Compound 18 125 MHz 13C NMR (CD3)2SO 
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Compound 19 125 MHz 13C NMR (CD3)2SO 

 

 

 

Compound 19 500 MHz 1H NMR (CD3)2SO 
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Compound 21500 MHz 1H NMR (CD3)2SO 

 

Compound 21 500 MHz 1H NMR (CD3)2SO 
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Compound 22 500 MHz 1H NMR (CD3)2SO 

 

 

Compound 22 125 MHz 13C NMR (CD3)2SO 
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Compound 3 125 MHz 13C NMR (CD3)2SO 

 

 

Compound 3 500 MHz 1H NMR (CD3)2SO 358 K 
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Compound 4 500 MHz 1H NMR (CD3)2SO 

 

 

Compound 4 125 MHz 13C NMR (CD3)2SO 
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Compound 26 500 MHz 1H NMR DMSO-d6 

 

 

 

Compound 26 125MHz 13C NMR DMSO-d6 
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Compound **** 500 MHz 1H NMR DMSO-d6 

 

 

Compound 27 600 MHz 1H NMR DMSO-d6 

 

 

Compound 27 125MHz 13C NMR DMSO-d6 
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Compound 28 500 MHz 1H NMR DMSO-d6 

 

Compound 28 126MHz 13C NMR DMSO-d6 
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Compound 29 500 MHz 1H NMR DMSO-d6 

 

Compound 29 500 MHz 1H NMR DMSO-d6 
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Compound 33 500 MHz 1H NMR DMSO-d6 

 

Compound 33 125MHz 13C NMR DMSO-d6 
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Compound 34 500 MHz 1H NMR DMSO-d6 

 

 

Compound 34 125MHz 13C NMR DMSO-d6 
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Compound 37 800 MHz 1H NMR DMSO-d6 

 

Compound 37 201 MHz 13C NMR DMSO-d6  
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Compound 38 500 MHz 1H NMR DMSO-d6 

 

Compound 38 125MHz 13C NMR DMSO-d6 
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Compound 42 500 MHz 1H NMR D2O 

 

Compound 42 126 MHz 13C NMR D2O 
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Compound 48 500 MHz 1H NMR D2O 

 

Compound 48 125 MHz 13C NMR D2O 
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Compound 48 162 MHz 31P NMR D2O 

 

Compound 48 162 MHz 31P{1H} NMR D2O.  

Run with Phosphoric acid insert (0 ppm) 
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Compound 55 800 MHz 1H NMR D2O 

 

Compound 55 800 MHz 13C NMR D2O 
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Compound 56 500 MHz 1H NMR D2O 

 

Compound 56 162 MHz 31P{1H} NMR D2O 

Phosphorus acid insert 
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Compound 57 500 MHz 1H NMR D2O 

 

Compound 57 500 MHz 31P NMR D2O 

(phosphorus acid insert referenced to 0 ppm) 
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Compound 60 500 MHz 1H NMR D2O, 358K 

 

Compound 60 125 MHz 13C NMR D2O 
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Compound 60 162 MHz 31P{1H} NMR D2O 

 

Compound 60 162 MHz 31P NMR D2O 
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Compound 61 500 MHz 1H NMR D2O 

 

Compound 61 125 MHz 13C NMR D2O 
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Compound 61 31P NMR 162 MHz D2O 
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Compound 62 800 MHz 1H NMR D2O 
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Compound 69 500 MHz 1H NMR DMSO-d6 

 

Compound 69 125MHz 13C NMR DMSO-d6 
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Compound 74 500 MHz 1H NMR DMSO-d6 

 

Compound 74 500 MHz 1H NMR DMSO-d6 
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Compound 75 500 MHz 1H NMR DMSO-d6 

 

 

Compound 75 125MHz 13C NMR DMSO-d6  
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Compound76 500 MHz 1H NMR DMSO-d6 

 

Compound 76 125MHz 13C NMR DMSO-d6  
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Compound 77 500 MHz 1H NMR DMSO-d6 

 

 

Compound 77 125MHz 13C NMR DMSO-d6  
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Compound 78 500 MHz 1H NMR DMSO-d6 

 

Compound 78 125MHz 13C NMR DMSO-d6  
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Compound 79 500 MHz 1H NMR DMSO-d6 

 

Compound 79 125MHz 13C NMR DMSO-d6  
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Compound 80 500 MHz 1H NMR DMSO-d6 

 

 

Compound 80 125MHz 13C NMR DMSO-d6  
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Compound 87 500 MHz 338 K 1H NMR DMSO-d6 

 

Compound 87 500 MHz 13C NMR DMSO-d6 
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APPENDIX B 
 

Measured relaxation times for Omniscan, Gd-4 and imaging agent precursor 4 
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Table B1: T1 relaxation times of Omniscan measured between 0-10 mM, MilliQ H2O at 298K calculated on a Varian Inova 400 MHz 9.4 T 
laboratory spectrometer.  

Entry 

mM 

concentrat

ion 

T1 

relaxation 

rate (s) 

Raw 1/T1 

 (s
-1

) Raw error 

1/ 

(T1 + 

error) 

1/ 

(T1 - error) 

Mean 

value 

between 

extremes 

1 0 1.151 0.8688097 0.1259 0.78315 0.975515 0.879331 

2 0.1 1.358 0.7363770 0.04972 0.71037 0.764362 0.737365 

3 0.5 0.4507 2.2187708 0.01391 2.15234 2.28943 2.220886 

4 1 0.259 3.8610038 0.008086 3.74411 3.985429 3.864771 

5 2.5 0.1094 9.1407678 0.003753 8.83759 9.465484 9.151538 

6 5 0.05383 18.577001 3.93E-05 18.5634 18.59059 18.57701 

7 10 0.02668 37.481259 5.32E-05 37.4067 37.55613 37.48141 
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Table B2: Gd-4 T1 relaxation times measured over a linear dilution series (0-5 mM) in MilliQ H2O at 298 K on a 7 T MRI scanner. Samples were 
prepared independently for each repeat (R1-R3) 

Entry 

 

Conc 

(mM) 

 

R1 R2 R3 
Average 

1/T1 (s
-1

) 

Standard 

deviation 
T1 (ms) 1/ T1 (s

-1
) T1 (ms) 1/ T1 (s

-1
) T1 (ms) 1/T1 (s

-1
) 

1 0 2355 0.42462845 2270 0.440529 - - 0.432579 0.011243 

2 0.05 1544 0.647668394 1552 0.64433 1522 0.65703 0.649676 0.006584 

3 0.1 1161 0.861326443 1278 0.782473 1139 0.877963 0.840587 0.051012 

4 0.2 743 1.34589502 812 1.231527 766 1.305483 1.294302 0.057998 

5 0.3 567 1.76366843 633 1.579779 601 1.663894 1.669114 0.092056 

6 0.4 418 2.392344498 450 2.222222 419 2.386635 2.333734 0.096614 

7 0.5 378 2.645502646 406 2.463054 373 2.680965 2.596507 0.116926 

8 0.6 336 2.976190476 369 2.710027 274 3.649635 3.111951 0.484292 

9 0.7 258 3.875968992 290 3.448276 288 3.472222 3.598822 0.240314 

10 0.8 230 4.347826087 291 3.436426 224 4.464286 4.082846 0.562836 

11 0.9 200 5 223 4.484305 196 5.102041 4.862115 0.331147 

12 1 185 5.405405405 231 4.329004 187 5.347594 5.027334 0.605462 

13 5 25 40 18 55.55556 14 71.42857 55.66138 15.71455 
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Table B3: Gd-4 T2 relaxation times measured over a linear dilution series (0-5 mM) in MilliQ H2O at 298 K on a 7 T MRI scanner. Samples were 
prepared independently for each repeat (R1-R3) 

Entry 

 

Conc 

(mM) 

 

R1 R2 R3 Average  

1/T2 (s
-1

) 

Standard 

deviation 

T2 (ms) 1/ T2 (s
-1

) T2 (ms) 1/ T2 (s
-1

) T2 (ms) 1/T2 (s
-1

) 

1 0 318 3.144654088 382 2.617801047 - - 2.881227568 0.372541358 

2 0.05 390 2.564102564 409 2.444987775 376 2.659574 2.556221602 0.107510206 

3 0.1 399 2.506265664 362 2.762430939 346 2.890173 2.719623338 0.181136203 

4 0.2 354 2.824858757 357 2.801120448 376 2.659574 2.761851224 0.089365978 

5 0.3 335 2.985074627 327 3.058103976 365 2.739726 2.927634877 0.166780164 

6 0.4 306 3.267973856 331 3.021148036 277 3.610108 3.299743399 0.295762619 

7 0.5 265 3.773584906 300 3.333333333 281 3.558719 3.555212367 0.220146731 

8 0.6 216 4.62962963 287 3.484320557 232 4.310345 4.141431672 0.59104311 

9 0.7 183 5.464480874 209 4.784688995 218 4.587156 4.945441944 0.460223731 

10 0.8 185 5.405405405 215 4.651162791 202 4.950495 5.002354415 0.379786158 

11 0.9 178 5.617977528 201 4.975124378 163 6.134969 5.576023744 0.58105952 

12 1 162 6.172839506 194 5.154639175 171 5.847953 5.725143966 0.520090917 

13 5 0 - 42 23.80952381 38 26.31579 25.06265664 1.772197447 
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Table B4: Gd-4 T2* relaxation times measured over a linear dilution series (0-5 mM) in MilliQ H2O at 298 K on a 7 T MRI scanner. Samples were 
prepared independently for each repeat (R1-R3) 

Entry 

 

Conc 

(mM) 

 

R1 R2 R3 Average  

1/ T2
*
 (s

-1
) 

T2
*
 (ms) 1/ T2

*
 (s

-1
) T2

*
 (ms) 1/ T2

*
 (s

-1
) T2

*
 (ms) 1/ T2

*
 (s

-1
) 

1 0 3 333.3333333 5 200   266.6666667 

2 0.05 4 250 5 200 50 20 156.6666667 

3 0.1 7 142.8571429 1 1000 12 83.33333333 408.7301587 

4 0.2 4 250 5 200 32 31.25 160.4166667 

5 0.3 1 1000 3 333.3333333 29 34.48275862 455.9386973 

6 0.4 5 200 1 1000 25 40 413.3333333 

7 0.5 3 333.3333333 5 200 21 47.61904762 193.6507937 

8 0.6 1 1000 6 166.6666667 33 30.3030303 398.989899 

9 0.7 1 1000 2 500 25 40 513.3333333 

10 0.8 3 333.3333333 4 250 25 40 207.7777778 

11 0.9 0 - 1 1000 19 52.63157895 526.3157895 

12 1 3 333.3333333 4 250 43 23.25581395 202.1963824 

13 5 1 1000 2 500 16 62.5 520.8333333 
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Table 5: Imaging agent precursor 4 T1, T2 and T2* relaxation times measured over a linear dilution series (0-5 mM) in MilliQ H2O at 298 K on a 
7 T MRI scanner. No enhancement in relaxivity is observed. 

Entry Conc 

(mM) 
T1 (ms) 1/T1 (s

-1
) T2 (ms) 1/T2 (s

-1
) T2* 1/T2*

 
(s

-1
) 

1 0 2200 0.4545455 2 500 13 76.92308 

2 0.05 2209 0.4526935 68 14.70588 5 200 

3 0.1 2214 0.4516712 2 500 4 250 

4 0.2 2209 0.4526935 138 7.246377 8 125 

5 0.3 2213 0.4518753 73 13.69863 7 142.8571 

6 0.4 2195 0.4555809 2 500 6 166.6667 

7 0.5 2212 0.4520796 94 10.6383 6 166.6667 

8 0.6 2204 0.4537205 95 10.52632 8 125 

9 0.7 2196 0.4553734 2 500 48 20.83333 

10 0.8 2213 0.4518753 2 500 4 250 

11 0.9 2198 0.4549591 2 500 8 125 

12 1 2205 0.4535147 2 500 6 166.6667 

13 5 2172 0.4604052 2 500 6 166.6667 

 

 

 

 


